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Nerve growth factor-β (NGF) is a protein found in the seminal plasma of a variety of 
mammalian species. While initially known for regulating neuronal survival and differentiation, it 
was later discovered to interact within the endocrine and reproductive systems as well. Most 
notable is its function in camelids as an ovulation inducing agent with a dose-dependent 
luteotrophic effect. While also present in the seminal plasma of spontaneously ovulating species, 
such as the bull, the role of NGF was initially thought to be limited to regulating sperm physiology. 
However, upon discovering its effect on ovulation induction in camelids, the potential functions 
of NGF within the female reproductive system of other species came to light. 
The luteotrophic effect of NGF is of much interest to the cattle industry where 
sustainability relies on reproductive success. While many researchers have investigated factors 
such as nutrition and estrous cycle manipulation, there appears to still be a bottleneck in improving 
reproductive efficiency in cows due to early embryonic losses. The majority of conception failure 
in cattle is thought to occur prior to maternal recognition of pregnancy as a result of luteal 
insufficiency. When corpus luteum formation and progesterone production are inadequate 
following fertilization, the conceptus will fail to produce the threshold level of interferon tau 
needed to signal for maternal recognition of pregnancy. As a result, luteolysis and embryonic loss 
will occur. There is, therefore, a need to uncover novel techniques that will minimize these 
potential losses in cattle. 
Increasing evidence is available to suggest that seminal plasma proteins play an important 
role in regulating female fertility, such as the luteotrophic effect of NGF. However, with the rapid 
expansion of artificial insemination use in the cattle industry, these physiological mechanisms may 
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become lost. Frozen semen used in artificial insemination is extended to achieve the lowest 
effective breeding dose and maximize the number of straws acquired per collection. However, this 
practice also dilutes out the seminal plasma proteins to sub-physiological concentrations. Given 
that many of these proteins, such as NGF, have been associated with bull fertility, more work is 
needed to understand their specific roles in both male and female reproduction. Not only could 
these factors improve sperm function, but they may also regulate events throughout ovulation and 
fertilization within the female reproductive tract that contribute to successful pregnancies. 
Therefore, it is necessary to evaluate the effects of NGF within the female reproductive system 
and as an additive to semen extender to determine its potential usefulness within the cattle industry. 
It was hypothesized that intramuscular administration of purified bovine NGF to cows at 
artificial insemination would improve corpus luteum function and conceptus development. To test 
this hypothesis, Angus crossbred cows underwent estrus synchronization and were randomly 
allocated to one of two treatment groups: (1) CONT (n = 30) - 12 mL phosphate-buffered saline; 
or (2) NGF (n = 30) - 296 µg purified NGF in 12 mL phosphate-buffered saline administered 
intramuscularly at artificial insemination (day 0). Blood samples were collected to measure plasma 
progesterone concentrations (days 0, 3, 7, 10, 14, 19), plasma pregnancy-specific protein B 
concentrations (day 24), and expression of interferon-stimulated genes in peripheral blood 
leukocytes (day 19). Corpus luteum size (days 0, 3, 7, 10, 14, 19), pregnancy status (days 28, 45, 
66), and embryonic/fetal crown-rump length (days 28, 45, 66) were assessed using transrectal 
ultrasonography. It was found that despite no change in corpus luteum size between treatments, 
NGF cows had increased plasma progesterone concentrations over CONT cows from days 10 to 
19. Pregnancy rates were 75% in NGF cows and 59% in CONT cows. Fold-change expression of 
interferon-stimulated genes Isg15 and Mx2 at day 19 were greater in pregnant NGF cows than in 
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pregnant CONT cows. Consistently, plasma pregnancy-specific protein B concentrations at day 
24 were greater in pregnant NGF than in pregnant CONT cows, and fetal crown rump length 
tended to be increased in pregnant NGF cows at day 66. Herein, it was demonstrated that systemic 
administration of NGF to cows at artificial insemination improves corpus luteum function and 
enhances conceptus development as determined by upregulation of interferon-stimulated genes 
and increased pregnancy-specific protein B production.  
Upon confirming the luteotrophic effect of NGF in cows, my next interest was uncovering 
its mechanism of action. Therefore, it was hypothesized that NGF interacts with the pre-ovulatory 
follicle to increase vascularity and enhance steroidogenesis, which persists throughout ovulation 
to create a highly functional and vascular corpus luteum. To test this hypothesis, two Holstein 
heifers underwent estrus synchronization and were ovariectomized upon formation of a pre-
ovulatory follicle (>12 mm). Pieces of follicle wall tissue (theca + granulosa cells) were excised 
and incubated in Eagle’s MEM culture media supplemented with 1% L-glutamine, 1% 
nonessential amino acids, 1% penicillin-streptomycin, 1% insulin-transferrin-selenium, 10% fetal 
bovine serum, 40 ng/mL cortisol, 4 ng/mL luteinizing hormone, and 4 ng/mL follicle stimulating 
hormone. Culture wells were either supplemented with 100 ng/mL NGF (n = 12) or left as an 
untreated control (n = 12). Culture media was withdrawn and replaced with fresh media at 3, 6, 
12, 24, 48, and 72 hours and frozen for subsequent steroid hormone measurement. Follicle tissue 
pieces were flash-frozen at completion of culture (72 hours) to assess expression of steroidogenic 
and angiogenic genes. Treatment with NGF increased testosterone production and upregulated 
steroidogenic enzyme 17 beta-hydroxysteroid dehydrogenase (17β-hsd) gene expression at 72 h in 
the follicle wall extracts. There was no effect of NGF treatment on production of progesterone and 
estradiol-17β or gene expression of other steroidogenic enzymes in the follicle tissue, suggesting 
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that the increased androgen production may be secondary to theca cell proliferation. Additionally, 
treatment with NGF downregulated gene expression of the angiogenic fibroblast growth factor 2 
(Fgf2), but did not alter expression of other angiogenic factors. The reduced expression of 
fibroblast growth factor 2 in NGF treated cells suggests a possible hastened onset of cell 
remodeling that occurs during early corpus luteum development. Overall, this study demonstrated 
that NGF interacts directly with the bovine pre-ovulatory follicle to increase thecal cell androgen 
production and alter expression of enzymes involved with follicular to luteal reconstruction.  
Next, heifers underwent estrus synchronization and were randomly allocated to one of two 
treatment groups: (1) Control (n=12)- 12 mL phosphate-buffered saline; or (2) NGF (n=12)- 250 
µg purified NGF in 12 mL phosphate-buffered saline administered intramuscularly at day 0 
(presence of pre-ovulatory follicle). Transrectal ultrasonography was performed every 4 hours to 
measure follicle size and vascularity and determine the time to ovulation. Blood was collected 
every 4 hours up to 32 hours to measure serum estradiol-17β concentrations. After ovulation, 
transrectal ultrasonography was performed daily to evaluate corpus luteum size and vascularity, 
and blood was collected every 2 days to measure serum progesterone concentrations. Corpus 
luteum biopsies were performed on days 9 and 14 to assess gene expression of steroidogenic and 
angiogenic enzymes, oxytocin, and luteinizing hormone receptor, and to measure the percentage 
of small luteal cells over large luteal cells. Follicle diameter at treatment was ~13 mm in both 
groups. There was a main effect of NGF treatment on the pre-ovulatory follicle diameter; however, 
follicle vascular area and serum estradiol-17β concentrations were unaffected. The average time 
to ovulation was 13.8 hours in NGF heifers versus 17.5 hours in CONT heifers. There tended to 
be an effect of NGF treatment on corpus luteum diameter, but no differences in its vascular area. 
Serum progesterone concentrations were higher in NGF heifers from days 10 to 12 compared to 
vi 
 
control heifers. Gene expression of steroidogenic enzymes, steroidogenic acute regulatory protein 
(Star) and 3-beta-hydroxysteroid dehydrogenase (3β-hsd), were both upregulated in the corpus 
luteum of NGF heifers, whereas angiogenic enzymes, prostaglandin E2 synthase (Pges) and its 
receptor (Pger), were downregulated. There was a tendency for upregulated luteinizing hormone 
receptor (Lhcgr) gene expression in the corpus luteum of NGF heifers, consistent with an increased 
percentage of small luteal cells. In conclusion, NGF treatment affected follicle size, which may be 
attributed to increased follicular edema. Contrary to our hypothesis, NGF did not affect vascularity 
of the follicle or corpus luteum. Rather, the luteotrophic effect of NGF appears to be mediated 
through increased small luteal cell number and enhanced steroidogenic function in the corpus 
luteum. This change is likely secondary to the interactions between NGF and the pre-ovulatory 
follicle that alter the mechanisms of luteal construction following ovulation. 
Furthermore, it was hypothesized that NGF is produced predominantly in the bull vesicular 
gland, is positively associated with sire conception rate scores, and improves sperm cryotolerance. 
To test this hypothesis, accessory sex glands (ampulla, bulbourethral, prostate, vesicular glands) 
were harvested post-mortem from three mature bulls and either frozen or formalin-fixed for Ngf 
gene expression and NGF protein localization. Seminal plasma NGF concentrations were 
measured in the pre-ejaculate and sperm-rich fraction from bulls collected by electroejaculation. 
Additionally, seminal plasma NGF concentrations were measured in semen collected by artificial 
vagina at a commercial bull-stud. These bulls were allocated to two categories based on calculated 
sire conception rate scores: (1) negative/0 deviations; or (2) positive deviations. Lastly, sperm 
acquired by both electroejaculation and epididymal harvest from 10 bulls were incubated with 0 
ng/mL (CONT), 0.5 ng/mL (LOW), 5 ng/mL (MED), or 50 ng/mL (HIGH) purified NGF and 
manually frozen in 0.5-mL straws to evaluate effects on sperm cryotolerance. Pre-freeze sperm 
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motility was assessed in each sample prior to treatment using computer-aided sperm analysis. 
Frozen straws were thawed and incubated at 37°C for post-thaw motility assessment in 30 min 
intervals for 4 h. Samples were stained with fluorescent probes for evaluation of post-thaw sperm 
viability (SYBR-14/PI), acrosomal integrity (FITC-PNA/PI), and chromatin stability (acridine 
orange) using flow cytometry. Gene expression of Ngf was highest in the vesicular gland, 
intermediate in the ampulla, and lowest in the prostate and bulbourethral glands. Consistently, 
highest NGF staining intensity was detected in the ampulla and vesicular glands. Seminal plasma 
NGF concentrations were higher in the sperm-rich fraction than in the pre-ejaculate and positively 
associated with sire conception rate scores in bulls. Supplementation of extender with HIGH 
concentrations of NGF decreased post-thaw curvilinear velocity and amplitude of lateral head 
displacement and increased linearity in ejaculated, but not epididymal, sperm. These findings 
suggest a potential role in preventing premature sperm hyperactivation and capacitation that relies 
on the presence of other seminal plasma constituents. Post-thaw viability, acrosome integrity, and 
DNA fragmentation index were not affected by NGF treatment in either ejaculated or epididymal 
sperm. In conclusion, treatment with NGF did not significantly improve cryotolerance of sperm 
collected by electroejaculation or epididymal harvest in bulls. Collectively, these results 
demonstrate that NGF is positively associated with bull fertility, likely attributable to its beneficial 
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Chapter 1:  
Overview 
1.1 Overview 
Nerve growth factor-β (NGF) is a protein found in the seminal plasma of a variety of 
species, including the bull [1]. Though the roles of NGF were initially thought to be limited to 
regulating neuronal survival and differentiation, studies have since demonstrated its broader 
physiological implications, including those within the reproductive and endocrine systems [2]. 
One of the most profound functions of NGF discovered yet is its ability to elicit luteinizing 
hormone (LH) secretion from the anterior pituitary and induce ovulation in camelids [3–5]. When 
seminal plasma is introduced into the camelid uterus at copulation, NGF is absorbed into the 
bloodstream [6]. Interestingly, NGF travels across the blood-brain barrier and stimulates 
gonadotropin-releasing hormone (GnRH) secretion from the hypothalamus, triggering the pre-
ovulatory LH surge [7]. Systemic administration of NGF results in prolonged LH secretion and a 
dose-dependent luteotrophic effect in camelids [3]. In spontaneously ovulating species, NGF 
signaling in the ovary is critical for the first ovulation to occur [14], yet we have only recently 
begun to truly understand the interaction between the ovary and seminal plasma derived NGF.  
One study demonstrated that intramuscular administration of purified llama NGF to cyclic 
heifers resulted in larger corpus luteum (CL) diameter and greater concentrations of plasma 
progesterone following ovulation [15]. In cows, CL size is correlated with plasma progesterone 
levels until the beginning of the luteal stasis phase at day 7, after which luteal blood flow becomes 
a more reliable predictor of progesterone production [8]. This finding suggests that the degree of 
luteal vascularity may better predict luteal function in the early diestrous phase of cattle. In 
camelids, luteal vascularity and plasma progesterone concentrations were higher in NGF versus 
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GnRH-treated animals 6 days after ovulation [9]. The effects of NGF on luteal vascularity in cows 
remains undetermined, though in vitro studies have demonstrated that NGF directly stimulates 
prostaglandin E2 production in bovine theca cells [10]. Prostaglandin E2 acts as a pro-angiogenic 
molecule by inducing endothelial cell migration and pseudocapillary formation [11]. Therefore, it 
seems likely that NGF may exert some of its reported luteotrophic properties in cattle through 
improved luteal vascularity and enhanced LH signaling [3,9,12,13].  
Enhanced CL formation with subsequent increased progesterone production may help 
reduce early embryonic death in cattle [14]. Reports estimate that up to 80% of bovine embryo 
losses occur by day 16 of pregnancy [15–17]. Many of these losses are attributed to luteal phase 
dysfunction and the downstream effects on histotroph secretion into the uterine lumen [18,19]. 
Growth and survival of the preimplantation blastocyst rely on the production of these 
embryotrophic factors from the uterus, which ultimately affects interferon tau secretion [20,21]. A 
threshold concentration of interferon tau is required to effectively block luteolysis and achieve 
maternal recognition of pregnancy in ruminants [22]. Therefore, if fertilization occurs, but 
progesterone and interferon tau production are inadequate, luteolysis and early embryonic death 
will ensue. A recent study found that initiating progesterone supplementation on day 4 post-estrus 
resulted in significantly greater embryo length compared to control heifers with experimentally 
induced sub-luteal function [23]. Although some studies have demonstrated the beneficial effects 
of using supplemental progesterone early in the luteal phase, others reported negative effects 
associated with improper timing of administration [24–26]. Treatment with NGF would mimic the 
uptake of seminal plasma proteins near ovulation, providing a novel technique to improve 
endogenous progesterone production without the concerns of inappropriate timing. 
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The role of seminal plasma proteins in regulating fertility is of special relevance to the 
cattle industry where artificial insemination has advanced genetic selection of desirable traits such 
as milk production and meat quality [27]. Historically, bull studies have focused on improving 
semen cryopreservation techniques and determining the minimum effective breeding dose. 
Meanwhile, the effects of semen processing on the function of seminal plasma proteins have not 
been fully investigated [28]. When processing for cryopreservation, semen is extended to the 
lowest effective sperm dose, which may dilute proteins to sub-physiologic levels [29] and 
contribute to lower fertility [30–32]. Several studies have demonstrated positive associations 
between seminal plasma proteins and bull fertility [33–38], with reported beneficial effects on 
spermatozoal transport, survival, and fertilization capability within the female reproductive tract 
[33,35]. Consistently, spermatozoal Ngf gene abundance has been associated with positive sire 
conception rates in bulls [35], and NGF supplementation to frozen-thawed bovine sperm altered 
leptin secretion and viability [39]. Further studies are necessary to improve semen 
cryopreservation in bulls, bringing forth a need to understand the role that individual seminal 
plasma proteins, such as NGF, play in sperm cryotolerance and fertility.  
Thus, the overall goal of my doctoral dissertation work was to determine the role of NGF 
on ovulation, CL function, and conceptus development in cows/heifers and understand its 
production dynamics and effect on sperm cryotolerance in the bull. The NGF used in this study 
was purified from bull seminal plasma using a multi-step protocol that yielded a purity of 59.35%. 
The contaminants identified would have minimal interaction with the effects we are studying, and 
we felt it was important to determine its role specifically within the bovine species.  
To complete my dissertation work, three main hypotheses were tested: 1) NGF improves 
CL function and conceptus development in cows, 2) NGF increases vascularity and 
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steroidogenesis within both the pre-ovulatory follicle (POF) and subsequent CL of heifers, and 3) 
NGF is positively associated with sire conception rates and can be used to improve sperm 
cryotolerance in bulls. To test these hypotheses, the following specific aims were completed: 
Specific Aim 1: Determine the effects of NGF on corpus luteum function and conceptus 
development in cows. 
To complete this aim, cows underwent estrus synchronization and were randomly allocated 
to 1 of 2 treatment groups: (1) CONT- 12 mL phosphate-buffered saline; or (2) NGF- 296 µg 
purified NGF in 12 mL phosphate-buffered saline administered intramuscularly at time of artificial 
insemination (day 0). Blood samples were collected to measure plasma concentrations of 
progesterone (days 0, 3, 7, 10, 14, 19) and pregnancy-specific protein B (day 24) and expression 
of interferon-stimulated genes in peripheral blood leukocytes (day 19). Transrectal 
ultrasonography was used to determine CL size (days 0, 3, 7, 10, 14, 19), diagnose pregnancy 
(days 28, 45, 66), and measure embryonic/fetal crown-rump length (days 28, 45, 66). Plasma 
progesterone levels were higher in NGF cows from days 10 to 19 compared to CONT, despite no 
difference in CL size. Pregnancy rates were 75% in NGF cows and 59% in CONT cows, which 
did not differ significantly. Further, conceptus development was enhanced in pregnant NGF cows 
as determined by upregulated expression of interferon-stimulated genes at day 19, increased 
plasma pregnancy-specific protein B levels at day 24, and a tendency for increased fetal crown-
rump length at day 66. Improved CL function around maternal recognition of pregnancy (~day 16) 
with NGF treatment likely contributed to enhanced conceptus development. These result are 
presented in Chapter 3. 
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Specific Aim 2: Characterize the changes in pre-, peri-, and post-ovulatory dynamics 
following NGF treatment in heifers. 
To complete this aim, heifers underwent estrus synchronization and were ovariectomized 
upon development of a POF. Pieces of follicle wall tissue (theca + granulosa cells) were cultured 
in media supplemented with LH, follicle stimulating hormone, +/- NGF. Culture media was 
replaced and frozen at 3, 6, 12, 24, 48, and 72 hours for steroid hormone measurement. Follicle 
wall tissue pieces were collected and flash-frozen at completion of culture (72 hours) to assess 
steroidogenic and angiogenic gene expression. Next, heifers underwent estrus synchronization and 
were randomly allocated to 1 of 2 treatment groups: (1) Control- 12 mL phosphate-buffered saline; 
or (2) NGF- 250 µg purified NGF in 12 mL phosphate-buffered saline administered 
intramuscularly at day 0 (presence of a POF). Transrectal ultrasonography was performed every 4 
hours to assess POF size and vascularity and determine the time to ovulation. Blood was collected 
every 4 hours up to 32 hours to measure serum estradiol-17β concentrations. After ovulation, 
transrectal ultrasonography was performed daily to look at CL size and vascularity, and blood was 
collected every 2 days until day 14 to measure serum progesterone concentrations. Corpus luteum 
biopsies were performed on days 9 and 14 to assess gene expression of steroidogenic and 
angiogenic enzymes, oxytocin, and LH receptor, and to measure the ratio of small to large luteal 
cells. Direct treatment of follicular tissue in vitro resulted in upregulated steroidogenic enzyme 17 
beta-hydroxysteroid dehydrogenase (17β-hsd) gene expression and downregulated angiogenic 
enzyme fibroblast growth factor 2 (Fgf2) gene expression. Consistently, NGF treatment increased 
testosterone production from the follicle tissue over untreated controls. Follicle diameter at the 
time of systemic NGF administration to heifers did not differ between treatments (~13 mm). There 
was an effect of NGF treatment on the POF diameter; however, follicle vascular area and serum 
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estradiol-17β concentrations were unaffected. The average time to ovulation was 13.8 hours in 
NGF heifers versus 17.5 hours in control heifers, which did not differ significantly. There was a 
tendency for increased CL diameter in NGF heifers, but no difference in its vascular area. Serum 
progesterone concentrations were increased in NGF heifers from days 10 to 12. Gene expression 
of steroidogenic enzymes, steroidogenic acute regulatory protein (Star) and 3-beta-hydroxysteroid 
dehydrogenase (3β-hsd), were upregulated in the CL of NGF heifers, whereas angiogenic 
enzymes, prostaglandin E2 synthase (Pges) and its receptor (Pger), were downregulated. There 
was a tendency for increased LH receptor (Lhcgr) gene expression in the CL of NGF heifers, 
consistent with an increased percentage of small luteal cells observed. In conclusion, these studies 
demonstrated that NGF interacts directly with the bovine POF to influence CL formation. The 
luteotrophic effect of NGF is a result of increased small luteal cell number and improved 
steroidogenic enzyme activity in the CL. These results are presented in Chapters 4 and 5. 
Specific Aim 3: Determine the biology of NGF production in the bull and its effects on 
fertility traits. 
To complete this aim, accessory sex glands (ampulla, bulbourethral, prostate, vesicular 
glands) were harvested post-mortem from mature bulls and either frozen or formalin-fixed for Ngf 
gene expression and NGF protein localization. Seminal plasma NGF concentrations were 
measured in the pre-ejaculate and sperm-rich fraction from bulls collected by electroejaculation. 
Additionally, seminal plasma NGF concentrations were measured from semen collected by 
artificial vagina at a commercial bull-stud. These bulls were allocated to two categories based on 
calculated sire conception rate scores: (1) negative/0 deviations; or (2) positive deviations. Lastly, 
sperm collected by both electroejaculation and epididymal harvest were incubated with 0 ng/mL 
(CONT), 0.5 ng/mL (LOW), 5 ng/mL (MED), or 50 ng/mL (HIGH) purified NGF prior 
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cryopreservation to assess its effect on sperm cryotolerance. Relative Ngf gene expression was 
highest in the vesicular gland, intermediate in the ampulla, and lowest in the prostate and 
bulbourethral glands. Consistently, the highest NGF staining intensity was detected in the ampulla 
and vesicular glands. Seminal plasma NGF concentrations were significantly higher in the sperm-
rich fraction than in the pre-ejaculate and positively associated with sire conception rates. Despite 
these findings, supplementing freezing extender with NGF did not significantly improve post-thaw 
sperm motility, viability, acrosome integrity, or chromatin stability in ejaculated or epididymal 
derived sperm. Collectively, these results demonstrated that NGF is secreted into the sperm-rich 
fraction of the ejaculate and is associated with bull fertility. Though NGF alone did not improve 
sperm cryotolerance, future studies should evaluate different combinations of proteins and effects 
on survivability within the female reproductive tract to better understand its positive association 
with sire fertility. These results are summarized in Chapters 6 and 7. 
To summarize, Chapter 1 provides an outline of my dissertation. Chapter 2 provides a 
background on NGF and its effects on reproduction across species. Chapter 3 describes the results 
from testing the hypothesis that NGF improves CL function and conceptus development in cows. 
Chapter 4 describes the results from testing the hypothesis that NGF alters steroidogenesis and 
angiogenic markers in the pre-ovulatory follicle. Chapter 5 describes the results from testing the 
hypothesis that NGF alters the peri-ovulatory dynamics that act downstream to influence CL 
function. Chapter 6 describes the results from testing the hypothesis that NGF is produced in the 
bull vesicular gland and positively influences sire conception rates, whereas Chapter 7 describes 
the results from testing the hypothesis that supplementing freezing extender with NGF alters sperm 
cryotolerance. Lastly, Chapter 8 summarizes the results of my dissertation work and provides 
insight on future projects based on the findings presented herein.  
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Chapter 2:  
Nerve Growth Factor-β, Ovulation, and Potential Roles for Improved Male and Female 
Fertility 
 
2.1 Background on Nerve Growth Factor-β 
Nerve growth factor-β (NGF) is a member of the neurotrophin gene family also consisting 
of brain-derived neurotrophic factor, neurotrophin-3, and neurotrophin-4/5 that exist as basic, 
homodimeric, secretory proteins with a molecular mass of ~26 to 27 kDa [1,2]. Nerve growth 
factor was initially identified in the early 1950s when researchers demonstrated that a specific 
growth factor from a mouse sarcoma directly stimulated neurite outgrowth in the chick embryo 
[3–5]. It was subsequently discovered that NGF plays a critical role in vertebrate sympathetic and 
sensory neuron development [6–10]. The most abundant sources of NGF protein reported initially 
were snake venom [11] and male mouse submaxillary gland [12]. However, after observing 
responses to mouse NGF treatment in other mammals [9,13], it was suggested that this protein 
may play a significant role across species. A major setback was the lack of detectable NGF in the 
salivary glands of these other species (rat, guinea pig, cow, pig, rabbit, and man) [14], which led 
to the discovery of the guinea pig prostate as an alternative NGF-rich source [15,16]. Using both 
a biological assay and two-site radioimmunoassay, moderate levels of NGF were also detected in 
rabbit and bull prostate glands [17]. Interestingly, using these techniques, no detectable NGF 
activity was found in the sex organs of the mouse, rat, hamster, or human [17]. The next crucial 
discovery was that the bull seminal plasma was another rich source of NGF [18], with the vesicular 
gland being the principal site of production as determined by biological assay and gel 
electrophoresis [19]. 
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Nerve growth factor was suggested to exist in crude bovine seminal plasma as a high 
molecular weight complex [18,19]. In mice, the high molecular weight isoform of NGF is known 
as 7S-NGF, has a molecular mass of 140 kDa, and is composed of three protein structures, α, β, 
and γ [20]. After translation, this isoform is cleaved upon translocation into the endoplasmic 
reticulum to produce an unprocessed NGF precursor (proNGF) of ~50 kDa [21]. The highly basic 
(pI 9.3) and biologically active β-subunit (Mr = 26 kDa) dissociates from this complex at a pH 4.0 
under experimental conditions in the mouse [22]. Likewise, dissociation of a high molecular 
weight complex in bull seminal plasma reportedly occurs at pH 3.0 and also produces a basic (pI 
9.5 to 10), low molecular weight, homodimeric β-subunit, consisting of two identical and non-
covalently linked polypeptide chains (monomeric Mr = 15 kDa) [18]. Little information is 
available regarding the high molecular weight complex in bulls. One study suggested that a 7S 
complex is not formed in bulls due to the lack of an arginine-arginine protease cleavage site at 
carboxy-terminus of bovine NGF [23] where processing by an associated γ-subunit occurs in the 
mouse [24]. Another study used tandem mass spectrometry and reported the presence of an NGF 
precursor in the seminal plasma of stallions, rams, bulls, and camelids, but not in boars or bucks 
[25]. Using western immunoblot analysis with a polyclonal mouse antibody against NGF, a 
prominent band was detected in both llama and bull seminal plasma at ~13 kDa (consistent with a 
reduced NGF monomer), with less distinct bands visible at ~60 kDa [2], potentially a proNGF 
isoform [26]. While the relevance of proNGF in the seminal plasma has yet to be determined, its 
roles within the central nervous system include inducing apoptosis  [27] and influencing the mature 
NGF moiety [21]. 
Despite indistinguishable biological activity, mouse anti-bovine monoclonal antibodies 
exhibited poor binding to mouse NGF compared to native bovine NGF [28]. Though the biological 
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activity of bovine NGF was not affected by antibody binding, the data still suggested the existence 
of some structural differences between bovine and mouse NGF [28]. In comparison to NGF 
isolated from mouse submaxillary glands, amino acid composition in bovine NGF has higher 
proportions of aspartate, glutamate, proline, glycine, leucine, and tyrosine residues and lower 
threonine residues [18]. Additionally, bovine NGF contains two intra-chain disulfide bridges per 
peptide chain instead of the three bridges per chain observed in mouse [18] and llamas [2]. The 
NH2-terminal amino acid sequence seems to be highly conserved across mammals, with bovine 
NGF differing from mouse NGF only by the presence of serine (position 3), arginine (position 9), 
and isoleucine (position 18), rather than threonine, methionine and valine, respectively [18].  
The first successful purification of NGF from bovine seminal plasma was described in 
length by Harper et al. in 1982 [18]. Prior to dissociation, initial runs through diethylaminoethyl–
cellulose (DEAE-C) and carboxymethyl-cellulose (CM-C) columns allowed for removal of other 
acidic and basic seminal plasma proteins, respectively, since the high molecular weight NGF 
complex does not bind to DEAE-C or CM-C [18]. Dissociation of the high molecular weight NGF 
complex within the obtained fraction was performed using a sodium citrate buffer (pH 3.0) [18]. 
This fraction was then run through a sulfopropyl-Sephadex (SP-S) column (a strong cation 
exchanger), which allowed for binding and isolation of the purified low molecular weight bovine 
NGF [18]. A similar NGF purification protocol using strong anion and cation exchangers with 
gradient elution was developed and described in Chapter 3 for use throughout my dissertation. 
Initially, attempts to purify this protein based on a previous protocol derived from camel studies 
using high performance liquid chromatography were unsuccessful [29].  Using this protocol, we 
found major contamination with a similar sized protein, Caltrin (Fig. 1), as distinguished by liquid 
chromatography-mass spectrometry. The difficulty in purifying NGF from bovine seminal plasma 
14 
as compared to camelids likely relates to differences in both protein abundance and biochemical 
characteristics. In camelids, NGF represents ~27% of total protein, whereas it represents less than 
1% of total protein in bull ejaculates [30]. Regardless, the differences observed highlight the need 
to evaluate this seminal plasma protein separately amongst species. 
2.2 Nerve Growth Factor-β in Induced Ovulators 
Induced ovulation is defined as the phenomenon where coitus is required to produce the 
signals that initiate ovulation; whereas spontaneous ovulation occurs at a regular frequency 
regardless of copulation [31]. The rationale for why some species evolved these mechanisms for 
ovulation are unknown. A multi-species study observed an increased ability for males of species 
with induced ovulation to monopolize paternity over those with spontaneous ovulation, suggesting 
a mechanism of paternal control [83]. In cats, ovulation is initiated by the coitus-induced 
neuroendocrine reflex that synapses within the hypothalamus to stimulate a surge of gonadotropin 
releasing hormone (GnRH) that is sufficient to signal for a pre-ovulatory luteinizing hormone (LH) 
surge [32]. This ovulation induction mechanism was suggested to provide queens with a defense 
against “forced copulation” from undesirable males [33]. Since multiple copulations are required 
to produce sufficient GnRH and LH surges to induce ovulation in cats [32], the queen can breed 
with multiple toms while in estrus to allow for selection of dominant genetics.  
This ovulation inducing mechanism is in contrast to camelids, which undergo prolonged 
copulation duration and require the presence of an “ovulation-inducing factor” (OIF) within the 
seminal plasma [34]. Early evidence of such a factor came from the discovery in 1985 that 
ovulation could be induced in Bactrian camels by intravaginal, intrauterine, or intramuscular 
administration of seminal plasma rather than by mechanical stimulation [35–37]. Approximately 
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20 years after its initial discovery in camels, the presence of OIF in seminal plasma was reported 
in llamas and alpacas in 2005 [34], reigniting interest in its identity and mechanism of action. A 
wide range of seminal plasma signaling molecules have been identified across mammalian species, 
with localized effects ranging from sperm protection to increasing oviductal embryotrophic 
cytokines [38]. These mechanisms seemed to have formed in parallel with invertebrates, such as 
Drosophila, where seminal fluid influences ovulation and female tract remodeling [39].  
Early studies reported that >90% of alpacas and llamas ovulated in response to a single 
intramuscular dose of llama seminal plasma versus 0% that were administered phosphate-buffered 
saline (PBS) [34]. It is important to note that in all of these studies, treatment was administered 
only when a growing follicle capable of ovulation was detected. Interestingly, no alpacas 
responded to intrauterine administration of either seminal plasma or PBS, which was likely due to 
lack of systemic absorption of OIF from the uterus [34]. In camelids, prolonged copulation causes 
uterine hyperemia and inflammation due to the mechanical stimulus of the penis and semen 
deposition into the uterine horns, which was hypothesized to facilitate uptake of seminal plasma 
constituents from the uterus [40,41]. To test this hypothesis, a follow-up study performed 
endometrial curettage prior to intrauterine infusion of either seminal plasma or PBS in alpacas to 
mimic the copulation stimulus [42]. The authors reported that while intramuscular administration 
of seminal plasma produced the highest ovulation rate (93%), endometrial curettage increased 
ovulation rate from 41% to 67% following intrauterine infusion of seminal plasma [42].         
Another interesting finding from the initial study by Adams et al. (2005) was a tendency 
for the corpus luteum (CL) to have a greater diameter and prolonged growth in llamas with OIF-
induced versus GnRH-induced ovulations [34]. The increase in CL size was attributed to an 
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observed prolonged elevation of plasma LH concentrations and resulted in increased plasma 
progesterone concentrations in the OIF-treated llamas [34]. It was subsequently reported that 
exposure of rat pituitary cells to alpaca seminal plasma stimulated dose-dependent LH secretion, 
independent of GnRH signaling [43]. In 2010, researchers were able to identify OIF from llama 
and alpaca seminal plasma as a protein molecule with a molecular mass of ≥30 kDa [44]. The 
subsequent year, these researchers purified OIF from llama seminal plasma and confirmed its 
specific ability to stimulate LH secretion, induce ovulation, and alter CL function in camelids [45]. 
Using purified OIF, it was discovered that this protein exerted a dose-dependent luteotrophic effect 
when administered systemically to llamas [46]. Consistent with the previous studies, Bogle et al. 
(2012) reported that treatment of both llama and bovine pituitary cell cultures with purified llama 
OIF directly stimulated LH release, suggesting a direct role of OIF on stimulating LH production 
from the anterior pituitary [47].  
An elaborate follow-up study was performed in llamas to determine if there is involvement 
from the hypothalamus in the stimulation of LH secretion from the anterior pituitary by purified 
llama OIF [48]. Consistent with other studies [34,46], llamas treated with 1 mg OIF systemically 
exhibited higher plasma progesterone concentrations when compared to the llamas treated with 50 
µg GnRH [48]. Pre-treatment with a GnRH antagonist (cetrorelix) blocked the ability of both 
GnRH and OIF to induce an LH surge and ovulation, providing evidence of hypothalamic 
involvement in OIF-signaling pathway [48]. One limitation of this study is that it could not 
determine whether OIF was still acting directly at the level of the hypothalamus. Rather, the results 
suggested that the presence of GnRH is necessary for OIF to exert its effects. It is possible that 
OIF directly stimulates GnRH production from the hypothalamus, which then signals for the pre-
ovulatory LH surge. Alternatively, GnRH could alter the expression of OIF receptors in the 
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anterior pituitary and work synergistically with OIF to induce LH production. In another study, 
there was a tendency for ovariectomy to affect LH concentrations in llamas treated with purified 
OIF that was partially restored when animals were pre-treated with estrogens [49]. The authors 
concluded that peripheral estradiol concentrations modulated the effects of OIF on pituitary LH 
secretion [49]. Since estradiol directly stimulates the hypothalamic GnRH release necessary for 
the LH surge to occur, this data supported the idea that OIF was acting at the level of the 
hypothalamus. However, removing estradiol likely alters the pulsatile secretory activity of GnRH, 
which would affect any synergistic effect it may have with OIF in the anterior pituitary for 
stimulating LH production. Still, since the stimulatory action of estradiol on the hypothalamus 
functions mainly through kisspeptin neurons [50], there could be a role of OIF via this route. 
The breakthrough discovery came when OIF from camelid seminal plasma was identified 
as nerve growth factor-β (NGF) in 2012 [2,51], broadening our understanding of this molecule 
amongst mammals. The NGF receptor, tyrosine kinase A (TrkA), has been detected in the 
hypothalamus of the rat [52] and llama [53]. However, a low proportion of GnRH neurons (2.5%) 
were found to be immunoreactive to TrkA, suggesting that OIF/NGF may not directly interact with 
GnRH neurons [54]. Although the llamas used were reported as non-pregnant and non-lactating, 
there was no mention of their ovarian or follicular status. Since many hormones and receptors 
within the hypothalamic-pituitary-gonadal axis exhibit temporal expression throughout the estrous 
cycle (e.g., kisspeptin in the hypothalamus is lower during diestrus in cattle [55]; TrkA expression 
greater in developing bovine CL versus mature or regressing CL [56]), it would be worthwhile to 
evaluate the presence of receptors based on follicular status. It has been suggested that the camelid 
OIF/NGF may interact with GnRH neurons through an intermediate cell type, such as kisspeptin 
[54,57], which plays a role in inducing ovulation in the musk shrew [58]. Though increases in 
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circulating NGF have been reported within 15 minutes of intrauterine infusion of seminal plasma 
in llamas [59], it is unclear through which route NGF reaches the hypothalamus. Adams et al. [53] 
suggested that NGF may cross the blood-brain barrier into cerebral spinal fluid, which has been 
observed in other species [60–62]. 
In addition to the effects on the hypothalamus and/or pituitary gland, studies have indicated 
that the luteotrophic effect of NGF may be related to changes in ovarian blood flow of the pre-
ovulatory follicle. Ulloa-Leal et al. (2014) reported that administration of purified OIF/NGF to 
llamas resulted in greater vascularity of the pre-ovulatory follicle at 4 hours after treatment 
compared to GnRH-treated llamas [63]. Consistently, there was greater vascular area in the luteal 
tissue and higher progesterone concentrations in OIF/NGF-treated llamas [63]. Interestingly, 
administration of a second dose of OIF/NGF at the time of ovulation increased CL diameter, CL 
vascularity, and progesterone concentrations compared to one pre-ovulatory dose [64]. In a follow-
up study, females were subjected to ovariectomies, where it was determined that pre-ovulatory 
NGF/OIF treatment upregulated gene expression of cytochrome p450, family 11, subfamily A, 
polypetide 1 (Cyp11a1) and steroidogenic acute regulatory protein (Star) in the CL [65]. These 
findings provide a reasonable explanation for increased progesterone production since StAR 
transports cholesterol into the mitochondria and CYP11A1 converts cholesterol into pregnenolone, 
the precursor to progesterone (Fig. 2) [66,67]. These studies attributed the increased follicular and 
CL vascularity to the NGF/OIF induced changes in the secretion pattern of LH. However, since 
neurotrophins and their receptors have been identified in mammalian follicles [68], a direct effect 
of NGF/OIF on the llama ovary cannot be ruled out.  
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Studies in rabbits, another induced ovulator, have implicated NGF as a potential ovulation-
inducing factor, similar to llamas, due its abundance in seminal plasma [69]. In contrast to llamas, 
it appears that the OIF in rabbits exerts its effect through both an endocrine- and nervous-mediated 
pathway, since epidural anesthesia drastically reduced ovulatory responses in response to 
intravaginal insemination with raw semen [70]. In an attempt to identify NGF as the OIF in rabbits, 
24 μg recombinant mouse NGF was administered intramuscularly to rabbits [71]. Treatment with 
NGF did not increase ovulation rate (30%) when compared to saline controls (25%) and was much 
less effective than those administered gonadorelin (100% ovulation rate) [71]. The same research 
group reported that ovulation occurred in 100% of rabbits treated with gonadorelin, but only in 
33% treated with recombinant mouse NGF, 25% treated with saline, and 0% treated with 
centrifuged raw camel seminal plasma [72]. Further studies using different doses and sources of 
NGF are needed to determine its potential role in ovulation induction of rabbits. 
2.3 Nerve Growth Factor-β in Spontaneous Ovulators 
As previously mentioned, NGF was first identified in the seminal plasma of bulls in the 
1980s [18]. Subsequent studies in spontaneously ovulating species focused on its role within the 
male reproductive tract. It wasn’t for another decade that the mammalian ovary was discovered to 
contain both NGF and its receptor, TrkA [73–76]. Another neurotrophin, NT-4, is abundantly 
expressed in the ovary and oocytes of Xenopus, suggesting a conserved evolutionary non-neuronal 
mechanism amongst these proteins [77]. Interestingly, neurotrophins (including NGF) and their 
receptors have been implicated in the mechanism surrounding seasonality in sheep [78]. Increased 
gene expression of Ngf and Trka in the arcuate nucleus and dopaminergic A15 of the hypothalamus 
were observed prior to transitional estrus in ewes, which affected responsiveness to estradiol 
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negative feedback typical of seasonal species [78]. Similarly, localization patterns of NGF and its 
receptors in the ovary and uterus of ground squirrel were correlated with increases in plasma 
gonadotropins, estradiol, and progesterone within the breeding season, suggesting potential 
involvement in the regulation of seasonal reproductive changes [79–81].  
NGF has been localized to ovarian granulosa cells prior to formation of the first primordial 
follicles in neonatal mice [82] and rats [74] and is involved initiating folliculogenesis [83]. There 
was a reduction in the number of primary follicles despite normal presence of primordial follicles 
in NGF-null mice, suggesting a critical role of NGF in controlling differentiation of granulosa cell 
shape and proliferation [82,84]. Additionally, in vitro treatment with NGF improved survival of 
goat pre-antral follicles in a dose-dependent manner [85]. The role of NGF in promoting 
differentiation to primary and secondary follicles may be of importance for litter-bearing species, 
as multiple follicles need to be selected for dominance. The Ngf gene has since been implicated as 
a potential marker for litter size after finding an association between Ngf gene expression and 
phenotypic litter size in goats [86,87]. On the contrary, excessive NGF production impairs the 
bidirectional communication between oocyte and cumulus cells, inhibiting oocyte meiotic 
maturation [88]. This disruption in oocyte competence facilitates the development of ovarian cysts 
in conjunction with elevated plasma LH and may contribute to the development or progression of 
polycystic ovarian syndrome in humans [89,90]. 
Nerve growth factor-β may contribute to the cascade of events leading to follicular rupture 
at ovulation [91]. Inhibiting NGF/TrkA signaling reduced the rate of ovulation in rats, indicating 
a critical role in mammalian ovulation [92]. Though present during late fetal development, 
expression of NGF and TrkA in the ovary decreases postnatally between 24 and 48 hours after 
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birth and remains low until puberty [74]. At the time of the first pre-ovulatory LH surge, a transient 
activation of NGF/TrkA occurs and is integral to the process of follicular cytodifferentiation 
proceeding the first ovulation [92]. In bovine theca cells, NGF induced prostaglandin E2 (PGE) 
synthesis [93], which promotes follicular rupture at ovulation [94]. Additionally, NGF/TrkA 
signaling in theca cells contributes to the loss of gap junctions within the follicular wall that 
precedes ovulation [95]. The presence of both LH and follicle stimulating hormone (FSH) in vitro 
were necessary to stimulate NGF secretion from medium to large follicles in ewes [96]. 
Consistently, follicular NGF concentrations increased following the gonadotropin surge in ewes, 
and in vitro treatment with NGF induced marked cumulus expansion and progressive cumulus-
oocyte uncoupling that is typical before ovulation [97].  
While there is clear evidence that the mammalian ovary can produce NGF (at least in 
spontaneously ovulating species), there may be a synergistic role for the seminal plasma NGF 
introduced during copulation to enhance steroidogenesis within the follicle, advance time to 
ovulation, and alter subsequent CL function (Fig. 3). Given the presence of hundreds of seminal 
plasma molecules, including NGF, it seems naïve to assume they exert no effects on the female 
reproductive tract when introduced during copulation. This notion is especially relevant given the 
systemic role of NGF in stimulating the pre-ovulatory LH surge in camelids [2,51]. The bovine 
uterus maintains a local countercurrent exchange between the uterine venous drainage and the 
ovarian artery that allows transport of prostaglandin F2α from the uterus to the ovary during 
luteolysis [98,99]. This exchange could also provide a local route by which seminal plasma factors 
can reach the ovary [100]. In ruminants, semen deposition occurs in the vagina rather than the 
uterus (as is the case with camelids), so further studies are needed to determine if seminal plasma 
proteins are able to be “carried” to the uterus with spermatozoa or if systemic uptake of molecules 
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from the vagina is possible [101]. In camelids, circulating NGF can be detected within 15 minutes 
of copulation [59], and local inflammation produced from coitus seems to be crucial for ensuring 
systemic NGF absorption from the uterus [42]. However, whether a similar systemic absorption 
of NGF occurs in spontaneously ovulating species remains to be determined. 
More recently, studies have looked at the systemic effects of NGF on bovine reproduction. 
One study showed an increase in FSH production in heifers treated systemically with llama-
derived NGF on days 6 or 9 of the follicular wave, corresponding with dominant follicle sizes of 
11.6 and 12.1 mm, respectively [102]. Subsequently, CL diameter was larger in heifers treated on 
day 6, with increased plasma progesterone levels in both groups compared to untreated controls 
[102], consistent with luteotrophic effects reported in camelids [46]. Similarly, heifers treated 
systemically with bovine seminal plasma containing 250 μg NGF within 4 hours of ovulation 
tended to have higher plasma progesterone concentrations, despite no differences in CL size [103]. 
In this same study, heifers treated before ovulation (follicle size ~10.9 mm), all ovulated within a 
4 hour period (30 to 34 h after LH administration) versus a 22 hour period (26 to 44 hours after 
LH administration) [103]. Since whole seminal plasma was administered, it is difficult to ascertain 
whether this synchrony was due to NGF or another seminal plasma constituent (such as estradiol). 
Treatment of bovine theca cells with recombinant NGF increased androstenedione production 
[93], which is used as a precursor for estradiol production in the granulosa cell via the two-cell, 
two-gonadotropin theory (Fig. 2). Ovarian estradiol released into circulation is crucial for 
regulating the hypothalamic events that lead to ovulation [50]. In the human pre-ovulatory follicle, 
NGF stimulated estradiol secretion directly and indirectly through upregulation of FSH receptors 
[104]. Similar to results seen in camelids, NGF is able to directly stimulate LH production from 
bovine pituitary cells in vitro, suggesting another potential sequela to systemic absorption [47]. 
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Interestingly, gene expression of the NGF receptor, Trka, is upregulated in response to LH 
treatment in bovine theca cells in vitro [93], and TrkA protein is increased in the dominant follicle 
and early CL in vivo [56], suggesting a local effect of NGF on early luteal formation. This data, 
coupled with the ability of NGF to directly stimulate LH production in bovine pituitary cells, 
suggests that there may be a multimodal effect of NGF systemically and locally that upregulates 
its signaling pathway to advance ovulation and improve luteal function in ruminants (Fig. 3). 
Improved luteal function may be attributed to the direct effects of NGF on stimulating PGE 
production and theca cell proliferation from the bovine antral follicle [93]. After ovulation, theca 
cells differentiate into small luteal cells that, in response to LH binding, produce an early rise in 
progesterone that is essential for supporting initial embryonic growth [105]. Increased PGE 
production in the pre-ovulatory follicle also provides another possible rationale for improved 
steroidogenesis within the CL. This pro-angiogenic molecule increases vascularity [106], which 
would improve the ability for signaling molecules (such as LH) to reach ovarian tissues. Indeed, 
enhanced PGE production may explain why llamas treated with NGF experienced increased CL 
vascularity and progesterone concentrations when compared to GnRH-treated controls [63]. While 
this particular mechanism has yet to be studied in cattle, it is known that CL blood flow is 
significantly correlated with progesterone production in the early luteal phase [107]. Interestingly, 
NGF directly stimulated progesterone production from the bovine CL, with high doses (100 
ng/mL) able to promote oxytocin release [108]. Further studies are necessary to better understand 
the underlying luteotrophic mechanism of NGF within the complex hypothalamic-pituitary-
gonadal axis in cattle. 
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2.4 Nerve Growth Factor-β and Early Embryonic Development 
Enhancement of CL development with subsequent increased progesterone production may 
help reduce early embryonic death in cattle [109]. Reports have estimated that up to 80% of bovine 
embryo losses occur by day 16 of pregnancy and may be attributed to the downstream effects of 
inadequate circulating progesterone concentrations on histotroph secretion into the uterine lumen 
[109,110]. Holstein heifers with low circulating progesterone concentrations had reduced 
histidine, threonine, and asparagine in histotrophic secretions on Day 13 post-ovulation when 
compared to those with normal or high progesterone concentrations [111]. This alteration in 
histotroph composition could affect its role as a nutritional source for conceptus development. 
Growth and survival of the preimplantation blastocyst rely on the production of these 
embryotrophic factors from the uterus, which ultimately affects embryonic interferon tau secretion 
[112,113]. Threshold levels of interferon tau are required to effectively block luteolysis and 
achieve maternal recognition of pregnancy in ruminants [114]. Therefore, if fertilization is 
achieved, but progesterone and interferon tau concentrations are inadequate, luteolysis and early 
embryonic death will occur.  
Early embryonic death due to luteal insufficiency seems to be especially important in high-
producing dairy cows that yield increased proportions of poor quality embryos [115,116]. 
Consistently, negative associations have been found between the concentration of milk 
progesterone at days 4 to 6 post-ovulation and the probability of embryo survival [117]. Of interest, 
lactating cows have decreased maximal progesterone concentrations when compared to non-
lactating heifers, despite having larger volumes of luteal tissue [118]. This finding implies that 
there is either a dysfunction in steroidogenesis of the CL or an increased rate of steroid metabolism 
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by the liver [119–121]. Corpus luteum size is correlated with plasma progesterone up until the 
beginning of the luteal stasis phase at day 7 in cattle, after which luteal blood flow becomes a more 
reliable predictor of plasma progesterone concentrations [107]. This finding suggests that the 
degree of luteal vascularity may affect progesterone production in the early diestrus phase and may 
be better predictive of CL function. It seems that NGF may exert some of its reported luteotrophic 
properties through improved luteal vascularity, which could enhance LH signaling [34,46,63,102]. 
Regardless of the cause of luteal insufficiency, there is increasing evidence to suggest that 
progesterone supplementation can overcome this effect by increasing embryo developmental 
capacity and interferon tau production [122]. 
Although studies have shown the benefits of using supplemental progesterone early in the 
luteal phase to improve pregnancy per artificial insemination, timing of administration appears to 
be crucial for enhancing embryonic development [122–124]. Supplementing progesterone from 
days 4 to 7 and 4 to 10 post-estrus in heifers with experimentally induced subluteal function 
resulted in significantly greater embryo length compared to untreated subluteal control heifers 
[125]. On the contrary, supplementing progesterone from days 7 to 10 in this study did not increase 
embryo length [125]. While short-term progesterone supplementation of heifers from days 3 to 7 
after estrus increased conceptus size and interferon tau production, it also led to a paradoxical 
increased number of short cycles [123]. Likewise, heifers supplemented with progesterone from 
days 4 to 7, 4 to 10, and 7 to 10 all had decreased progesterone concentrations at day 15 in 
comparison to untreated subluteal control heifers [125]. Therefore, progesterone supplementation 
does not help to overcome compromised luteal function and may require long-term administration. 
Strategies aimed at improving development of the endogenous CL or administration of 
luteotrophic agents have been proposed as an alternative. A commonly described mechanism for 
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increasing peripheral progesterone concentrations is administration of human chorionic 
gonadotropin (hCG) [126]. This LH-like hormone induces ovulation of the first wave dominant 
follicle to form accessory CL that will produce supplemental progesterone [109]. While 
administration of hCG from 5 to 7 days after artificial insemination increases progesterone 
concentrations in dairy cows, the effects on pregnancy rates have been inconsistent [127,128]. 
Similar to exogenous progesterone supplementation, timing of hCG administration seems to be a 
contributing factor to its variable success rates [128].  
Administration of NGF would mimic the endogenous uptake of seminal plasma proteins 
that occur at natural mating and could provide a novel technology to improve CL function and 
reduce pregnancy losses in cattle. Circulating NGF concentrations in female llamas increased 
within 15 minutes of insemination and were sustained for at least 3 hours [59]. Though NGF 
directly stimulates LH production from bovine pituitary cells in vitro [47], this mechanism has yet 
to be determined in vivo. The ability of NGF to stimulate LH release, coupled with research 
showing that LH can increase abundance of NGF receptors (TrkA) in bovine theca cells [93], 
suggest a potential upregulation mechanism within the NGF signaling cascade that could lead to 
downstream effects on CL function. Systemic administration of NGF would ensure a rational use 
of the molecule to act at both the ovary and the anterior pituitary. Additionally, this strategy would 
eliminate the concern about timing of administration that is present with other methods 
[122,125,126] and reduce stress associated with excessive handling after insemination [129].  
While improved luteal function may play a big role in improving conceptus development, 
there is some indication that NGF may have the ability to act directly on the embryo. Rabbit 
zygotes incubated with NGF had improved numbers of hatching blastocysts and increased total 
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cell number in the blastocysts [130]. Similarly, incubation of sheep oocytes with NGF during in 
vitro fertilization induced early cleavage and improved embryo development [131]. When 
combined with other paracrine factors, NGF treatment of sheep oocytes during in vitro maturation 
promoted cumulus cell expansion and inhibited oocyte/cumulus apoptosis, which prevented 
embryo apoptosis and allowed more embryos to develop into blastocysts [132]. While in vitro 
studies help to understand direct effects of NGF signaling, further studies looking at in vivo effects 
of NGF treatment on embryonic development are needed. 
2.5 Nerve Growth Factor-β in the Male 
Before we can truly understand the role of NGF within the female reproductive tract, we 
must first have an in depth understanding of its production and roles within the male reproductive 
tract. Nerve growth factor was localized to the Sertoli cells in rats as early as embryonic day 14 
and identified as one of the regulators of paracrine cell to cell interactions that result in 
morphological sex determination and perinatal testis growth [133]. Gene expression of NGF was 
demonstrated in the mouse testis along with the ability for both germ and non-germ cells to 
synthesize NGF and signal in an autocrine/paracrine manner [134,135]. Additional studies 
identified a NGF-responsive lamina-propria cell that influenced tubular wall and seminiferous 
epithelium in human testis [136]. In addition to testis and epididymis, NGF and its receptors have 
been localized to the seminal vesicles, prostate, and coagulating gland of rats [137,138] and 
increased expression of androgen binding protein mRNA in the Sertoli cells of rat testis [139]. 
Similar to the effects reported on theca cells [93], NGF appears to have proliferation and 
differentiation-promoting effects on adult stem Leydig cells [140,141]. The observation of NGF 
in different compartments of the male reproductive tract may reflect different functions in 
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regulating germ cell differentiation, influencing motility of mature spermatozoa, or signaling 
within the female reproductive tract [142].   
Early studies identified vesicular glands of the bulls as the primary source of NGF 
production using biological assays [19]. More recently, this finding was confirmed using 
immunohistochemistry, with strongest immunoreactivity localized to the glandular epithelium and 
lumen of both bull ampulla and vesicular glands [30]. Species-dependent variations were identified 
in regard to NGF localization in the male. The main source of NGF was identified as the prostate 
in llamas, which lack a vesicular gland, and both prostate and ampulla in cervids (elk and white-
tailed deer) [30]. In rabbits, another induced ovulator, the primary source of NGF was also 
identified as the prostate gland using both immunohistochemistry and gene expression [69,71]. 
Interestingly, NGF was not detected in either stallion or boar seminal plasma by either PC12 
differentiation bioassay or by radioimmunoassay [30]. Consistently, the use of western blot 
identified NGF in the seminal plasma of alpaca, camels, and bulls, but not in boars, bucks, rams, 
or stallions [25]. These distinct species-specific variations in NGF presence and localization are 
likely a manifestation of differences in copulation mechanisms. Bulls secrete fractions of seminal 
plasma with the prostate contributing mostly to pre-ejaculate and the vesicular gland contributing 
mostly to the sperm-rich fraction [143]. While bulls copulate within a matter of seconds, 
copulation lasts around 30 minutes in llamas, with sperm ejection not occurring for approximately 
5 to 10 minutes [144]. Since llamas undergo multiple emissions and ejaculations during this 
prolonged copulation period, NGF can be distributed throughout the entire ejaculate rather than 
needing to be concentrated into a specific fraction, as in bulls.  
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It is worth noting that the previous study did not mention the season for sample collection 
of the seasonally-dependent elk and white-tailed deer evaluated [30]. Seasonal changes in Ngf 
mRNA and NGF protein expression have been reported in the reproductive tract of both male and 
female ground squirrels [79,145]. Seasonal changes in seminal plasma composition have been 
implicated for variations observed in semen quality throughout the breeding season of white-tailed 
deer based on changes observed in accessory sex gland size and ejaculate appearance [146,147]. 
In rams, motility was found to be improved after incubating frozen-thawed sperm with seminal 
plasma harvested in autumn and winter, but not spring or summer, suggesting seasonal variability 
in its composition [148]. Though bulls are not considered seasonal species, studies have reported 
seasonal fluctuations in testosterone production [149–151], which could correspond with changes 
in seminal plasma composition. Interestingly, in three separate proteomic studies using Holstein, 
Bos taurus, and Bos indicus bulls, only 22 out of hundreds of proteins identified in bull seminal 
plasma overlapped [152–154]. Additionally, NGF immunolocalization in rabbit accessory sex 
glands changed with age, potentially in relation to changes in serum testosterone [155]. 
Collectively, these findings all suggest that there could be variations in seminal plasma 
composition based on species, breed, age, season, and/or collection technique. Therefore, there is 
a need to evaluate each of these factors separately to better understand the biology of NGF 
production within the male and its potential use in reproductive technologies. 
Several studies have demonstrated an association between seminal plasma proteins and 
bull fertility [5–9]. The effects of seminal plasma constituents on sperm transport, capacitation, 
and fertilization have been well described previously [162–164]. The role of seminal plasma 
proteins in regulating fertility is of special relevance to the cattle industry where artificial 
insemination has advanced genetic selection of desirable traits such as milk production and meat 
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quality [165]. Historically, bull semen studies have focused on improving semen freezing 
techniques and determining the minimum effective breeding dose, while overlooking the effects 
that semen processing may have on the function of seminal plasma proteins [166]. When 
processing semen for cryopreservation, samples are extended, which may dilute seminal plasma 
proteins to sub-physiologic levels [167] and contribute to lower fertility [168–170].  
Compared to other seminal plasma proteins, relatively little work has looked at the effects 
of NGF on spermatozoa. Ejaculated bovine sperm have been found to have NGF-immunoreactivity 
localized to the sperm head and tail, while its receptor (TrkA) is localized to the acrosomal cap, 
nucleus, and tail regions [171]. In addition to several other proteins, sperm Ngf mRNA abundance 
in bulls was strongly associated with positive sire conception rates [158], which was attributed to 
beneficial effects of NGF on sperm membrane integrity [171]. However, as mentioned previously, 
NGF may play a pivotal role within the female reproductive tract as well. In golden hamsters, NGF 
and its receptor are broadly distributed throughout the female reproductive tract (ovary, uterus, 
oviducts) [172]. It was also determined that NGF increased sperm motility and acrosome reaction 
in golden hamster sperm in a time- and dose-dependent manner [173]. Consistently, NGF and its 
receptor have both been localized to the bovine oviduct and may regulate its function in 
conjunction with gonadotropins [174]. Collectively, these findings suggest that there may be a 
temporal and/or spatial mechanism of NGF signaling between the male and female reproductive 
systems that has yet to be fully elucidated amongst mammalian species. 
More recently, seminal plasma Ngf mRNA expression was found to be positively 
associated with the maintenance of post-thaw functional membrane integrity in bull sperm, 
suggesting that it could be used to assess cryotolerance [175]. Another study reported higher Ngf 
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mRNA expression in spermatozoa of good semen-producing (<25% discarded ejaculates) versus 
poor semen-producing (>40% discarded ejaculates) bulls, though they found no correlation with 
field conception rates [176]. Relative Ngf expression levels in spermatozoa were also positively 
associated with pre-freeze mitochondrial membrane potential and post-thaw sperm velocity 
parameters in Bos taurus bulls [176]. Based on these findings, it seems that NGF is an optimal 
candidate protein to evaluate for improving sperm cryopreservation techniques in bulls. In men 
with normozoospermia and asthenozoospermia, supplementation of freezing extender with NGF 
at 0.5 ng/mL improved sperm viability and motility and decreased DNA fragmentation [177,178]. 
Consistently, treatment of bovine sperm cells with 40 to 80 ng/mL NGF increased leptin secretion 
and sperm membrane integrity [171]. Additional information regarding the production of NGF in 
the bull and its role in sperm physiology are necessary to determine how it can most effectively be 





Figure 1. (A) Absorbance profile for one-step HPLC purification protocol. (B) Peaks 
corresponding with D1, D2, D4, D5, D7, D12, E4, and E6 fractions were run on SDS-Page gel and 
stained with Coomassie Blue. D5 fraction showed a prominent band (~15 kDa) with less prominent 
bands staining in fractions D4 & D6. These fractions were subjected to trypsin digestion and liquid 
chromatography-mass spectrometry (LC/MS). Majority of NGF in fraction D4, with lower 




Figure 2. Depiction of the steroidogenic enzymes involved in the two-cell, two-gonadotropin 




Figure 3. Schematic of the potential mechanism of NGF in improving luteal function. (A) Pre-
ovulatory hormone signaling within the hypothalamic-pituitary-ovarian axis begins as estradiol 
(E2) is produced from the growing follicle and stimulates an increase in gonadotropin releasing 
hormone (GnRH) pulse frequency from the hypothalamus. GnRH acts on the anterior pituitary to 
stimulate follicle stimulating and luteinizing hormone (LH) production. LH signaling upregulates 
TrkA expression in the theca and granulosa cells of the bovine pre-ovulatory follicle [56]. (B) 
Upon copulation, NGF is potentially absorbed into systemic circulation, where it could act on the 
anterior pituitary to increase LH production [47], further upregulating TrkA expression in the 
ovary. NGF likely also travels to the ovary, where it can bind to its now upregulated TrkA receptor 
and stimulate increased theca cell proliferation, prostaglandin E2 (PGE) synthesis, and 
steroidogenesis [93]. (C) Following ovulation, increased vascularity could be present due to 
angiogenesis stimulated from PGE production [106]. Additionally, the proliferated theca cells will 
luteinize and become small luteal cells, which produce large amounts of progesterone (P4)  in 
response to LH signaling during early luteal formation [179]. This combination of effects leads to 
increased P4 production, enhancing conceptus growth and interferon-tau production, which signals 
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Nerve Growth Factor-β Improves Corpus Luteum Formation and Enhances Conceptus 
Development in Cows1 
3.1 Abstract 
The objective of the current study was to determine if Nerve growth factor-β (NGF), 
purified from bovine seminal plasma, would improve corpus luteum function and enhance 
conceptus development when administered to cows at artificial insemination. Angus cows (n = 60) 
were synchronized using a GnRH-prostaglandin and intravaginal progesterone protocol (7-day 
CO-Synch/CIDR) and randomly allocated to 1 of 2 treatment groups: (1) CONT- 12 mL PBS; or 
(2) NGF- 296 µg purified NGF in 12 mL PBS administered intramuscularly at insemination (day 
0). Blood collections were performed to measure plasma concentrations of progesterone (days 0, 
3, 7, 10, 14, 19) and pregnancy-specific protein B (day 24) using immunoassays. Expression of 
interferon-stimulated genes (Isg15, Mx1, Mx2, Rtp4) were assessed in peripheral blood leukocytes 
on day 19. Transrectal ultrasound was performed for measuring corpus luteum size (days 0, 3, 7, 
10, 14, 19) and pregnancy diagnosis (days 28, 45, 66). Statistical analysis was performed using 
analysis of variance with repeated measures (SAS 9.4, Cary NC). Corpus luteum volume and 
diameter increased over time (P<0.001), but did not differ between treatment groups (P = 0.46). 
Cows treated with NGF had increased plasma progesterone over CONT cows from days 10 to 19 
(P = 0.04). Pregnancy rates at day 28 were 75% in NGF cows versus 59% in CONT cows (P = 
0.13). In pregnant cows, pregnancy-specific protein B concentrations at day 24 were greater in 
NGF than CONT cows (P < 0.05). Additionally, fold-change expression of Isg15 and Mx2 at day 
                                                 
1 Reprinted, with permission, from J. Stewart et al. Nerve Growth Factor- Beta, purified from bull seminal plasma, 




19 were greater in pregnant NGF cows than in pregnant CONT cows (P < 0.05), but no differences 
for Mx1 and Rtp4 were present. Here we demonstrate that NGF administration to cows at 
insemination improved corpus luteum function, which translated to improved early conceptus 
development as determined by upregulation of interferon-stimulated genes and increased 
pregnancy-specific protein B concentrations. These results suggest that seminal plasma NGF could 
play a role in conceptus development and may be important to improve fertility in cattle. 
3.2 Introduction 
Many studies have demonstrated that seminal plasma proteins may play a pivotal role in 
enhancing fertility [1–4]. This  is of special relevance to the cattle industry where artificial 
insemination (AI) has advanced genetic selection of desirable traits such as milk production and 
meat quality  [5]. Historically, bull semen studies have focused on improving semen freezing 
techniques and determining the minimum effective breeding dose, while overlooking the effects 
that semen processing may have on seminal plasma protein concentrations [6]. When processing 
semen for cryopreservation, samples are extended, which may dilute seminal plasma proteins to 
sub-physiologic levels and contribute to observed lower fertility rates when compared to natural 
mating [7]. While the direct effects of seminal plasma proteins on sperm motility and survivability 
are well-defined [4,8,9], the roles they play within the female reproductive system following 
insemination are less understood [10–13]. 
Nerve growth factor-β (NGF) has been identified in the seminal plasma of most  domestic 
species and induces ovulation in camelids [14–16]. In camelids, NGF also has a dose-dependent 
luteotrophic effect that is attributed to its action on the hypothalamus [17,18], resulting in 
prolonged release of luteinizing hormone (LH) from the anterior pituitary gland [14]. Likewise, 
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NGF signaling in the ovary is critical for the first ovulation to occur in spontaneous ovulators [19], 
though we have only recently begun to truly understand its effects when introduced into the female 
through insemination. Recent studies have shown that intramuscular administration of purified 
llama NGF to cyclic heifers resulted in larger corpus luteum (CL) size and greater concentrations 
of plasma progesterone following ovulation [20]. In this previous study, heifers were not 
inseminated and, therefore, the translation of the observed luteotrophic effects to a developing 
embryo remains to be determined. 
Enhancement of CL development and increased progesterone production may help to 
reduce early embryonic death in cattle [21]. The majority of bovine embryo losses occur before 
day 16 of pregnancy and may be attributed to the downstream effects of inadequate progesterone 
concentrations on histotroph secretion into the uterine lumen [21]. Histotroph stimulates 
embryonic growth, which positively correlates with production of interferon-tau [21]. A threshold 
interferon-tau concentration is required to effectively block luteolysis and achieve maternal 
recognition of pregnancy in ruminants [22]. Therefore, if fertilization is achieved, but progesterone 
and interferon-tau concentrations are inadequate, luteolysis and early embryonic death will occur.  
The objectives of the current study were to purify NGF from bull seminal plasma and 
determine its effects on CL function and conceptus development when administered systemically 
to cows at AI. Exogenous progesterone supplementation has been shown to increase interferon-
tau production previously in cows [23], and therefore we hypothesized that NGF administration 
would increase plasma progesterone production, leading to increased expression of interferon-
stimulated genes (ISGs) and increased pregnancy-specific protein B (PSPB) production in 
pregnant cows bred by AI. 
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3.3 Materials and Methods 
3.3.1 Ethics 
All experimental procedures carried out in the present study were approved by the 
Institutional Animal Care and Use Committees of the University of Illinois at Urbana-Champaign 
(Protocol #15-201) and Virginia Polytechnic Institute and State University (Protocol #16-031). 
3.3.2 Isolation and purification of NGF from bull seminal plasma 
Semen samples were collected from University of Illinois-owned Angus or Angus × 
Simmental bulls (n = 40) using electroejaculation. While restrained in a chute, a 60 mm upright 
weighted bull probe (Lane Manufacturing, Inc.) was placed rectally, and the programmed cycle on 
the electroejaculator was run (Pulsator IV, Lane Manufacturing, Inc.). Ejaculates were pooled, and 
protease inhibitor tablets (Complete, Mini, EDTA-free, Sigma Aldrich, St. Louis, MO) were added 
at 1 tablet per 10 mL of ejaculate. The pooled ejaculates were centrifuged at 1200 × g for 30 min 
to separate seminal plasma from spermatozoa and then passed through a 0.8 µM filter. Pooled 
seminal plasma was stored at −80°C until purification.  
Purification of NGF from pooled seminal plasma was performed using ion exchange 
chromatography to fractionate proteins based on their effective charges [24]. Upon thawing, the 
seminal plasma was diluted with 20 mM Sodium Phosphate buffer (pH 7.5) and then subjected to 
anion exchange chromatography (Q-Sepharose). The samples obtained from the Q-Sepharose 
column were lyophilized with subsequent dialysis against 0.1 M Na Citrate (pH 3.0) and 400 mM 
NaCl. Next, cation exchange chromatography (SP Sepharose) was performed using 0.1 M Na 
Citrate (pH 3.0) and 400 mM NaCl, 0.1M Na Citrate (pH 3.0) with no NaCl, and gradient elution 
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using 50 mM Tris HCl (pH 9.0) and 50 mM Tris HCl pH 9.0 + 500 mM NaCl. The fractions from 
SP Sepharose were collected, and a salt/buffer cleanup was performed on the samples. Trypsin 
digestion of the protein fractions was performed, followed by liquid chromatography-mass 
spectrometry to assess purity. The purity of NGF was measured to be 59.35%, with only minor 
contaminants present (Table 1; Fig. 4). 
3.3.3 Administration of NGF to cows at artificial insemination 
Angus cows were stratified by body condition score and days post-partum at AI and then 
randomly assigned to a control (CONT, n = 30) or treated (NGF, n = 30) group. The body condition 
was scored at day −10 using a standard 9-point scale based on visual estimations of fatness and 
muscling according to Eversole et al. [25]. Timed-artificial insemination was carried out using a 
standard estrus synchronization program (7-day Co-Synch + CIDR program) [26]. On day −10, all 
cows received 2 mL (100 µg) of GnRH agonist (Cystorelin, Merial Inc.) intramuscularly and an 
intravaginal device containing 1.38 g of progesterone (Eazi-Breed CIDR, Zoetis). At day −3, the 
CIDR device was removed, and 5 mL of prostaglandin F2α analog (25 mg dinoprost tromethamine, 
Lutalyse, Zoetis) was administered intramuscularly. At 60 to 66 hours after CIDR removal and 
prostaglandin administration (day 0), all cows received 2 mL of GnRH agonist IM and were 
artificially inseminated using commercially-obtained frozen semen from three proven bulls 
randomly distributed across treatments. At this time, cows assigned to the NGF group received an 
intramuscular injection of 296 µg purified NGF reconstituted in 12 mL phosphate buffered saline 
(PBS; pH 7.4). Cows assigned to the CONT group received 12 mL of PBS intramuscularly as a 
placebo. This NGF dosage was chosen based on previous work by Tribulo et al. [27], where 12 
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mL of whole seminal plasma was administered to heifers and found to contain a total dosage of 
250 µg of NGF. 
3.3.4 Assessment of ovarian structures, pregnancy diagnosis, and embryonic/fetal crown-rump 
measurement 
Transrectal ultrasonography examination of ovarian, uterine, and fetal structures were 
carried out using a portable ultrasound with a 7.5 MHz linear-array transducer (Aloka SSD-500V; 
Hitachi Aloka Medical, Ltd.). Ovaries were evaluated at days 0, 3, 7, 10, 14, and 19 to measure 
pre-ovulatory follicle (day 0) and CL size. Each CL had vertical and perpendicular horizontal 
diameters measured and recorded. Corpus luteum volume was calculated using the formula volume 
= 4/3 × 3.14 × r3, where r = ½ the average value of the vertical and horizontal diameters [28]. If a 
fluid-filled central cavity was detected within the CL, volume of the cavity was determined 
similarly and subtracted from the total CL volume to represent the actual volume of luteal tissue 
present in the CL [29]. Pregnancy diagnosis and measurement of embryonic crown-rump length 
(CRL) were performed at day 28 post-AI. A cow was determined to be pregnant by visualization 
of an embryo with a heartbeat. Cows diagnosed as pregnant were reexamined at days 45 and 66 
after AI to reconfirm the presence of a fetus with visible heartbeat and to measure fetal crown-
rump length.  
3.3.5 Determination of plasma progesterone and pregnancy-specific protein B concentrations 
Blood samples from each cow were collected via venipuncture from the coccygeal vein at 
days 0, 3, 7, 10, 14, 19, and 24 after treatment and AI. Blood samples were immediately placed on 
ice and then centrifuged at 2,000 × g for 15 min for plasma separation. Two aliquots of plasma 
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were transferred into polypropylene vials and stored at −20°C until further analyses. Progesterone 
concentrations, used as means to assess CL function, were analyzed on plasma collected from days 
0 to 19 using a chemiluminescence assay (Immulite 2000 XPi platform; Siemens Medical 
Solutions USA, Inc.). Concentrations of PSPB, used as an indirect measure of early embryonic 
development [30], were analyzed on plasma collected from day 24 using a commercially available 
quantitative  immunoassay (BioPRYN; Bovine Answers LLC.). The interassay coefficient of 
variation for the PSPB assay was reported to be < 10%, whereas the intraassay coefficient of 
variation for progesterone was measured at 2.7%. 
3.3.6 Quantitative real-time PCR analyses of interferon-stimulated genes 
Whole blood was obtained from all cows on day 19 after AI to target the expression of 
interferon stimulated genes (ISGs) known to be critical for maternal recognition of pregnancy  [30–
32]. Peripheral blood leukocytes (PBL) were isolated, and the PBL pellet was suspended with 0.8 
mL of Trizol (Molecular Research Center, Inc., Cincinnati, OH), transferred to 1.5‐mL microtubes, 
and stored at −80°C until analyses. Extraction of RNA was conducted according to the 
manufacturer’s recommendations (PureLink RNA Mini Kit, Invitrogen). Isolated RNA was 
evaluated for concentration and purity using a NanoDrop 2000 Spectrophotometer (Thermo 
Scientific). A total of 1 μg of mRNA was used to synthesize complementary DNA using a 
commercial kit (High-capacity cDNA Reverse Transcription Kit, Cat. No. 4368814, Applied 
Biosystems) following manufacturer’s instructions. Complementary DNA was used for 
quantitative real-time reverse transcription PCR using an iCycler IQTM Real-Time PCR Detection 
System with iTaqTM Universal SYBR® Green Supermix (Bio-Rad Laboratories, Inc.). 
Differential expression of four target genes, interferon-stimulated gene 15 (Isg15), receptor 
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transporter protein 4 (Rtp4), myxovirus 1 (Mx1), and myxovirus 2 (Mx2), were compared in 
contrast to the two housekeeping genes, beta-actin (Actb) and ribosomal protein L19 (Rpl19), 
constitutively expressed in peripheral leukocytes of cows (Table 2) [33].  
Data are presented using non-pregnant cows that were excluded from analyses as the reference 
for comparisons as described previously [32]. Briefly, relative expression values were obtained by 
determining the PCR amplification efficiency (E = 2) to the power of the delta-delta threshold 
cycle (Δ ΔCT) obtained from the ΔCT least square mean differences of pairwise comparisons 
between pregnant and non-pregnant NGF and CONT groups.  
3.3.7 Statistical analyses 
All responses were analyzed using the MIXED procedure of SAS version 9.4 (SAS/STAT; 
SAS Institute Inc., Cary, NC). Progesterone and CL size were analyzed using an ANOVA model 
with repeated measures to test for treatment or treatment × day interactions. Binary responses were 
analyzed by logistic regression fitting a binary data distribution. The models tested included the 
effects of treatment (CONT vs. NGF) and the covariates BCS at enrollment, pre-ovulatory follicle 
size at AI, sires, and technicians, which all were found to have no effect on the outcomes and were 
removed from the final model. Presence and size of dominant follicle at AI and presence of 
progesterone >1 ng/mL at AI were evaluated and did not differ between treatments. Therefore, 
cows that either failed to ovulate (progesterone <1 ng/mL by day 10, n = 3) or had high 
progesterone (>1 ng/mL, n = 2) at the time of AI were not included in the final models. Continuous 
data were analyzed using models that were fitting a Gaussian or a logarithmic distribution, and 
residuals were assessed for normality. The final models used included all predictors of binary 
responses. For analyses of mRNA expression of ISGs and concentrations of PSPB in plasma, the 
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models included the effects of treatment, sire, and pregnancy status (pregnant vs. non-pregnant on 
day 28 post-AI). The covariance structure that resulted in the smallest Bayesian information 
criterion was selected from the mixed models. Pearson’s correlation coefficients were calculated 
to determine associations between CL size and plasma progesterone concentrations. Embryonic 
and fetal CRL were compared between treatment groups using a one-tailed t-test. Treatment 
differences with P ≤ 0.05 were considered as significant, and 0.05 < P ≤ 0.10 were deemed as a 
tendency. 
3.4 Results 
3.4.1 Ovarian dynamics at AI (Day 0) 
The presence and size of the pre-ovulatory follicle at AI (day 0) did not differ between 
treatment groups (P = 0.98 and P = 0.96, respectively; Fig. 5A and B). The occurrence of 
progesterone concentrations >1.0 ng/mL at day 0 and ovulation in response to AI also did not differ 
between treatment groups (P = 0.99 and P = 0.93, respectively; Fig. 5C and D). These results 
demonstrated that the cows within each treatment group responded similarly to the implemented 
synchronization protocol. 
3.4.2 Corpus luteum size and function 
The effect of NGF administration on CL size  were assessed as described elsewhere 
[20,28]. As expected, both CL diameter and volume changed over time in all cows (P < 0.001), 
increasing during the period of luteal development from days 0 to 10. However, there were no 
treatment (P = 0.88) or treatment × time interactions in regard to either parameter (P = 0.46; Fig. 
6A and B), indicating that NGF administration did not increase CL size in cows. Both CL diameter 
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and volume were strongly and positively correlated (P ≤ 0.02) with plasma progesterone 
concentrations during the period of luteal development (days 3 and 7), with no correlation (P ≥ 
0.31) observed during luteal stasis at days 10 or 14 (Table 3). On the contrary, CL function 
appeared to be improved in NGF-treated cows, with greater plasma progesterone concentrations 
observed during the period of luteal stasis at days 10 to 19 when compared to CONT cows (P ≤ 
0.05; Fig. 6C).  
3.4.3 Pregnancy classification, pregnancy-specific protein B production, and crown-rump length 
Pregnancy per AI (P/AI) at day 28 were numerically, but not significantly (P = 0.13), 
higher in NGF cows (75.0%) than in CONT cows (58.6%), as depicted in Table 4. Likewise, at 
days 45 and 66 post-AI, P/AI were similar (P = 0.12), with 71.4% NGF cows and 55.2% CONT 
cows diagnosed as pregnant (Table 4). Pregnant NGF cows had higher PSPB concentrations than 
pregnant CONT cows at day 24 post-AI (P ≤ 0.05; Fig. 7), whereas there were no differences in 
PSPB concentrations between non-pregnant NGF or CONT cows (P > 0.05; Fig. 7). While the 
embryonic and fetal CRL did not differ at days 28 or 45 post-AI (P > 0.20), there was a tendency 
for increased fetal CRL (P = 0.06) at day 66 in NGF versus CONT cows (Table 4). 
3.4.4 Expression of interferon-stimulated genes 
As expected, cows diagnosed as pregnant on day 28 had greater (P ≤ 0.05) mRNA 
expression of Isg15, Mx1, Mx2, and Rtp4 on day 19 than did non-pregnant cows, with average 
increases of 64-, 4.6-, 10-, and 3.2-fold, respectively (Fig. 8). Messenger RNA abundance of Isg15 
and Mx2 were also affected by treatment (P ≤ 0.05). Pregnant cows that were treated with NGF 
had a 28- and 4.3-fold increase in mRNA expression of Isg15 and Mx2, respectively, over pregnant 
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CONT cows (Fig. 8A and C), suggesting upregulation due to increased interferon-tau production 
from the developing conceptus. On the contrary, there were no differences (P > 0.05) in mRNA 
expression of Mx1 or Rtp4 between pregnant NGF and CONT cows (Fig. 8B and D). 
3.5 Discussion 
As anticipated, NGF purified from bull seminal plasma played an important role in luteal 
development and its downstream effects on maternal recognition of pregnancy. The first objective 
of this study was to determine if NGF could be purified from bull seminal plasma so that its 
potential role in cows at insemination could be evaluated. The detection of NGF in the seminal 
plasma of bulls dates back to 1982, where 100 µg of pure NGF was isolated per mL of seminal 
plasma [34], which is similar to the yield in the current study. While not a novel concept, more 
sensitive techniques, such as mass spectrometry, exist now that allow us to more critically assess 
purity of the isolated protein [35]. Initial attempts to purify NGF using High Performance Liquid 
Chromotography, as has been described in camelids [36], yielded major contamination with 
Caltrin, whereas a single-step ion exchange (Mono-S) presented contamination with vasoactive 
intestinal peptide (data not shown). Purification of NGF from bull seminal plasma in the current 
study therefore required a more elaborate combination of anion and cation exchange 
chromatography, similar to that reported previously [34]. Species-specific differences in types and 
abundance of seminal plasma proteins likely account for the different protocol required to purify 
NGF from bull versus camelid seminal plasma.  
Upon successful NGF purification, our second objective was to determine its effects on CL 
function and conceptus development when administered systemically to cows at AI. Consistent 
with a previous study where llama-derived NGF exhibited a luteotrophic effect in heifers [20], we 
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found increased concentrations of plasma progesterone beginning around day 10 after 
insemination in cows treated with NGF from bull seminal plasma. This similarity suggests that the 
function of NGF in seminal plasma may be conserved across species. In the current study, 
progesterone concentrations in cows treated with NGF were increased up to 19 days post-
insemination. This is in contrast with the previous study, where heifers were not inseminated and 
progesterone started to decrease in heifers potentially undergoing early luteolysis by day 13 [20]. 
Differences in experimental designs (e.g., NGF source, animal breeds and ages, synchronization 
protocols used) may also have contributed to these differing outcomes. Another key difference in 
the current study is that all cows were treated with GnRH at AI as per normal estrus 
synchronization protocols so that we could strictly evaluate the luteotrophic effects of NGF. In the 
previous study, heifers were treated with NGF, GnRH (positive-control), or nothing (negative-
control), with no differences in plasma progesterone observed between GnRH or NGF groups [20]. 
The enhanced luteal function in the current study, therefore, may represent a potential synergistic 
relationship between NGF and GnRH when administered at the time of AI and should be further 
explored. 
A surprising finding in the current study was that there were no differences in CL sizes 
between treatments despite the improved progesterone production by day 10 in cows treated with 
NGF. This finding is consistent with those observed by Tribulo et al. [27], where administration 
of whole seminal plasma containing 250 µg NGF to heifers within 4 hours after ovulation resulted 
in no change in CL diameter and a tendency for elevated systemic progesterone by day 7. Perhaps 
the most interesting finding in this previous study was the significantly less variation in the interval 
to ovulation [27]. Since whole seminal plasma was administered, it cannot be confirmed that NGF 
alone contributed to the improved synchrony observed since other active constituents (such as 
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estradiol) were present. Though interval-to-ovulation was not evaluated in the current study, it is 
tempting to speculate that enhanced progesterone and conceptus development could be related to 
hastened onset of ovulation as previously observed [27]. However, we would expect to see a 
hastened onset of CL development and earlier differences in progesterone if that were the case. 
Nevertheless, future studies using the purified NGF developed herein may be necessary to make 
that distinction.  
While CL diameter increased in heifers treated with llama NGF previously [20], another 
study showed that luteal growth in heifers occurred until day 7, after which the CL remained static 
in size, while progesterone still increased until day 14 [37]. In that study, the use of Doppler 
revealed that  luteal blood flow doubled during this static phase, reaching maximal values on days 
14 and 16 [37]. Similar to the current study, CL size and plasma progesterone concentrations were 
positively correlated only during the growth stage (days 4 to 7), whereas there was no correlation 
during the static phase (days 8 to 16) [37]. On the contrary, luteal blood flow was determined to 
be consistently correlated with plasma progesterone concentrations during both growth and static 
phases of the CL [37]. This suggests that the degree of luteal vascularity may affect progesterone 
production in the early diestrus period. Interestingly, an in vitro study demonstrated that isolated 
bovine thecal cells treated with recombinant NGF experienced increased Prostaglandin E2 (PGE) 
production [38]. Prostaglandin E2 acts as a pro-angiogenic molecule in vascular endothelium by 
recruiting the paracrine-autocrine mechanism characteristic of endothelium cells, resulting in 
vascular remodeling [39]. Increased vascularity of the CL improves the ability for signaling 
molecules (such as LH) to reach the ovary and stimulate progesterone production. In addition to 
being an angiogenic factor, PGE has also been found have a direct stimulatory effect on 
progesterone secretion in both small and large bovine luteal cells  in vitro [40]. While a promising 
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mechanism for the role of NGF in the observed increase in progesterone production, further studies 
evaluating PGE production and luteal blood flow in vivo are necessary to investigate this 
possibility.  
A second proposed mechanism for the effect of NGF on progesterone production is 
increased efficiency of LH binding in the CL. An in vitro study found that recombinant NGF 
increased the proliferative activity of thecal compartment cells in bovine ovarian tissues [38]. After 
ovulation, theca cells differentiate into small luteal cells that produce progesterone in response to 
LH [41,42]. Despite the previous belief that large luteal cells produce the most progesterone due 
to uninhibited levels of protein kinase A within the cell, other data suggests that small luteal cells 
may provide an earlier, yet crucial, surge in progesterone in response to LH that is important for 
early embryonic growth and maternal recognition of pregnancy [41,42]. Further, in vitro data 
showed that NGF receptor (TrkA) expression increased in bovine theca cells in response to LH 
treatment [38]. These findings support the idea of an upregulation mechanism since NGF has also 
been shown to increase LH production in bovine and llama pituitary cell cultures [43]. It is unclear 
whether an increase in number of small luteal cells would result in a measurable change in CL 
size, therefore an ex vivo model using gross and histological analyses would be required to 
accurately assess this proposed mechanism. 
While studies previously demonstrated the luteotrophic effects of NGF from llama seminal 
plasma in cattle [20], the current study is the first to demonstrate that bovine-derived NGF also 
performs this function. Additionally, this study is the first to demonstrate how the luteotrophic 
effects of NGF can translate into improved maternal recognition of pregnancy. While interferon-
tau, the signal for maternal recognition of pregnancy, is not secreted in high enough concentrations 
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to measure peripherally, expression of interferon-stimulated genes in leukocytes around days 18 
to 20 has been used successfully for evaluating bovine conceptus development [30–32]. 
Additionally, pregnancy-associated glycoproteins secreted by binucleated cells in early 
placentation, such as PSPB, have been used as peripheral markers for pregnancy in cattle [30,32]. 
The upregulation of Isg15 and Mx2 mRNA at day 19 and increased plasma PSPB concentrations 
at day 24 are suggestive of improved conceptus development, presumably a result of increased 
progesterone production and uterine histotroph production [21]. These markers are consistent with 
the finding of a tendency for increased fetal CRL measured at day 66. Although it is unclear why 
CRL measurements at days 28 and 45 were not significantly different, it is likely that the changes 
were small enough early in pregnancy that they exceeded the sensitivity of transrectal ultrasound 
[30]. Additionally, though the 16% difference in pregnancy rates between NGF and CONT cows 
were not statistically significant in the current study, it is tantalizing to speculate that a study 
designed to measure fertility outcomes may demonstrate potential of NGF to improve reproductive 
performance in cattle. 
Although other studies have shown the benefits of using supplemental progesterone to 
improve pregnancy per AI [23,44], timing of administration appears to be crucial for enhancing 
embryonic development, with inappropriate timing actually being detrimental [45]. In fact, a recent 
study found that initiating progesterone supplementation on day 4 post-estrus resulted in 
significantly greater embryo length compared to control heifers with experimentally compromised 
CL function [46]. Conversely, embryo length was similar to controls in heifers supplemented with 
progesterone beginning day 7 post-estrus [46]. In the current study, while there were no differences 
in progesterone concentrations at days 3 or 7, the next sample collection at day 10 demonstrated 
rising progesterone concentrations until day 19. Therefore, administration of a product that would 
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allow for a natural increase in progesterone production that occurs with CL formation would 
eliminate the concern about timing of administration and be more beneficial for use in the cattle 
industry.  
In conclusion, this study demonstrated that NGF administration to cows at insemination 
improved corpus luteum function and early conceptus development as determined by upregulation 
of interferon-stimulated genes and increased pregnancy-specific protein B concentrations. These 
results suggest that NGF from bull seminal plasma plays an important role in early embryonic 
development in cows. NGF-treated cows had greater progesterone concentrations around the time 
of maternal recognition of pregnancy (days 10 to 19). Treatment with NGF also led to increased 
expression of interferon-stimulated genes Isg15 and Mx2 in peripheral blood leukocytes at day 19 
and higher PSPB production from the placenta at day 24 post-AI. Future studies would be 
necessary to determine if these effects would decrease early embryonic loss and improve early 
conception rates in cattle.  
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3.7 Tables and Figures 
 
Table 1. Minor contaminants following protein purification. 
 
Contaminant Percentage present 
C-type natriuretic peptide 16.41% 
Serine protease inhibitor  11.26% 
Cystatin-c 5.53% 
Tubulin polymerization-promoting protein 
family 2 
5.53% 
Type II cytoskeletal keratin 4.77% 






Table 2. Primer reference and sequences for genes investigated by quantitative real-time PCR. 
 
Target gene Gene name NCBI sequence Primer Primer sequence 





































Table 3. Correlation between CL size and plasma progesterone concentrations from days 3 to 19 after artificial insemination.  
*P = 0.01-0.05, **P ≤ 0.01 
 
 Plasma Progesterone 
 Day 3 Day 7 Day 10 Day 14 Day 19 
CL Diameter 0.34** 0.53** 0.14 0.05 0.33* 



















Table 4. Effect of NGF treatment on pregnancy rates (%) and embryonic/fetal crown-rump length measurements (mean ± SEM, mm) 
at 28, 45, and 66 days after artificial insemination (AI). 
 
Days post-AI Pregnancy/AI (%) Crown-Rump Length (mm) 
 CONT NGF P-value CONT NGF P-value 
28 58.6 75.0 0.13 9.4 ± 0.4 9.5 ± 0.4 0.47 
45 55.2 71.4 0.12 26.0 ± 1.1 27.1 ± 0.6 0.20 
66 55.2 71.4 0.12 32.6 ± 0.6 33.9 ± 0.6 0.06 
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Figure 4. MS/MS spectra results from purified NGF protein that correspond to a peptide 





Figure 5. (A) The percentage of NGF vs. CONT cows that presented with a dominant follicle, and 
(B) the size of the dominant follicle (mm) at artificial insemination (AI). (C) The percentage of 
cows that had a functional CL (progesterone >1.0 ng/mL) at AI, and (D) the percentage of cows 






Figure 6. (A) Corpus luteum (CL) diameter, (B) CL volume, and (C) plasma progesterone (P4) 
concentrations during diestrus in NGF vs. CONT cows after artificial insemination (AI).  






Figure 7.  Plasma concentrations of pregnancy-specific protein B (PSPB) at day 24 after artificial 
insemination (AI) in NGF vs. CONT cows based on pregnancy status at day 28. Different letters 
(a, b, c) represent different (P < 0.05) least square means. Error bars represent the 95% confidence 






Figure 8. Fold-change in mRNA expression of four interferon-stimulated genes, (A) Isg15, (B) 
Mx2, (C) Mx1, and (D) Rtp4, in NGF vs. CONT cows based on pregnancy status at day 28 after 
artificial insemination. Different letters (a, b, c) represent different (P < 0.05) least square means. 
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Chapter 4:  
Direct Effects of Nerve Growth Factor-β on Steroidogenesis and Angiogenic Markers of the 
Bovine Pre-Ovulatory Follicle 
4.1 Abstract 
Nerve growth factor-β (NGF) is a seminal plasma protein that induces ovulation in 
camelids and has a luteotrophic effect. In spontaneously ovulating species, NGF signaling in the 
ovary is critical for the first ovulation to occur, but little is known regarding the interactions of 
seminal plasma derived NGF on the pre-ovulatory follicle. This study aimed to assess the direct 
effects of NGF on steroidogenesis and angiogenic markers in the bovine pre-ovulatory follicle. 
Heifers were synchronized using a GnRH-prostaglandin and intravaginal progesterone protocol 
(5-d CIDR-Synch). Ovariectomy was performed 48 hours after the second PGF injection when a 
pre-ovulatory follicle >12 mm was present. The pre-ovulatory follicle was excised and dissected 
into quarters. The theca interna with adherent granulosa cells was peeled from the theca externa 
and surrounding stromal tissue and cut into smaller pieces. The follicle wall pieces were incubated 
in 0.5 mL of culture media supplemented with LH (4 ng/mL) and FSH (4 ng/mL) and divided into 
one of two treatments: (1) NGF (n = 12): purified NGF (100 ng/mL) or (2) CONT (n = 12): 
phosphate-buffered saline negative control. Media was withdrawn and replaced completely with 
fresh media at 3, 6, 12, 24, 48, and 72 h of culture and frozen for subsequent steroid assays. At the 
end of the 72 h, follicle tissue pieces were flash frozen to assess steroidogenic and angiogenic gene 
expression. Treatment with NGF upregulated gene expression of steroidogenic enzyme 17 beta-
hydroxysteroid dehydrogenase in the follicle (P = 0.04). Consistently, NGF treatment increased 
testosterone production (P < 0.01), but did not alter production of progesterone (P = 0.81) and 
estradiol-17β (P = 0.14) or expression of steroidogenic acute regulatory protein, side chain 
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cleavage enzyme, cytochrome P450 17 alpha-hydroxylase, and aromatase cytochrome P450, 
luteinizing hormone receptor, vascular endothelial growth factor A isoform 121, estrogen receptor 
alpha, or prostaglandin E synthase (P ≥ 0.31). These results demonstrate a shift towards increased 
androgen production with NGF treatment, which may be secondary to theca cell proliferation. 
Additionally, treatment with NGF downregulated gene expression of the angiogenic enzyme 
fibroblast growth factor 2 (P = 0.02). Given the dynamics of fibroblast growth factor activity 
during the follicular-to-luteal transition, this finding suggests a possible hastened onset of cell 
remodeling that occurs during early corpus luteum development. 
4.2 Introduction 
Nerve growth factor-β (NGF) is a member of the neurotrophin family that has a critical 
role in mammalian follicle development and ovulation [1,2]. Expression of NGF has been localized 
to ovarian granulosa cells prior to formation of the first primordial follicles in neonatal mice [1] 
and rats [3] and is involved initiating folliculogenesis [4]. Though present during late fetal 
development, expression of NGF and its receptor, TrkA, in the ovary decreases postnatally 
between 24 and 48 h after birth and remains low until puberty in rats [3]. At the time of the first 
pre-ovulatory luteinizing hormone (LH) surge, a transient activation of NGF/TrkA occurs and is 
integral to the process of follicular cytodifferentiation proceeding the first ovulation [2]. In bovine 
theca cells, NGF induced prostaglandin E2 synthesis [5], which facilitates follicular rupture at 
ovulation [6]. Additionally, NGF/TrkA signaling in theca cells contributes to the loss of gap 
junctions within the follicular wall that precedes ovulation [7]. The presence of both LH and 
follicle stimulating hormone (FSH) in vitro were necessary to stimulate NGF secretion from 
medium to large follicles in ewes, suggesting a synergistic role with gonadotropins during the pre-
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ovulatory cascade [8]. Consistently, follicular NGF concentrations increased following the 
gonadotropin peaks in ewes, and in vitro treatment with NGF induced marked cumulus expansion 
and progressive cumulus-oocyte uncoupling [9], which functions to reinitiate meiotic progression 
of the oocyte at ovulation. 
Our understanding of the role of NGF in promoting mammalian ovulation became even 
more complex when it was identified as the ovulation inducing factor in camelid seminal plasma 
[10,11]. Though the ability of the ovary to produce NGF in spontaneously ovulating species is well 
documented, few studies have evaluated whether the introduction of NGF from seminal plasma at 
time of breeding may have a role within the bovine hypothalamic-pituitary-ovarian axis [12–14]. 
In camelids, intrauterine absorption of seminal plasma NGF into systemic circulation occurs within 
15 min of copulation, after which it stimulates the preovulatory LH peak from the anterior pituitary 
gland and exerts a dose-dependent luteotropic effect on the developing corpus luteum (CL) [15]. 
Studies have shown that NGF retains its luteotropic properties when administered systemically to 
cattle [12,14]. While the luteotropic effect in camelids is attributed to the prolonged LH secretion 
from the pituitary, in cattle there is evidence that NGF from the seminal plasma may act directly 
on the ovary [5].  
Similar to camelids, bull seminal plasma contains NGF, which is concentrated into the 
sperm-rich fraction of the ejaculate, facilitating its transit into the cow reproductive tract [16]. The 
bovine uterus maintains a local countercurrent exchange between the uterine venous drainage and 
the ovarian artery that allows for direct transport of prostaglandin F2α (PGF2α) from the uterus to 
the ovary during luteolysis [17,18]. This anatomical mechanism could also provide a potential 
route for NGF to travel to and interact directly with the ovary [19]. A previous study demonstrated 
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that treating bovine theca cells with recombinant NGF in vitro resulted in increased 
androstenedione and progesterone release, prostaglandin E2 production, and theca cell 
proliferation when compared to hCG-treated controls [5]. However, the signaling cascade within 
the ovary involves a complex interaction between the theca and granulosa cells, which has yet to 
be elucidated. This study aimed to assess the direct effects of NGF, purified from bull seminal 
plasma, on steroidogenesis and angiogenic markers in theca and granulosa cells of the bovine pre-
ovulatory follicle. We hypothesize that NGF administration would stimulate steroidogenesis and 
angiogenic markers in thecal and granulosa cells from the bovine pre-ovulatory follicle. 
4.3 Materials and Methods 
4.3.1 Ethics 
All experimental procedures carried out in the present study were approved by the 
Institutional Animal Care and Use Committees of the University of Illinois at Urbana-Champaign, 
USA (Protocol #15-201). 
4.3.2 Heifer synchronization and ovariectomy 
The 24 follicular tissue pieces composed of theca and granulosa cells used in the current 
study were extracted from two cyclic post-pubertal Holstein heifers. The heifers received an 
intravaginal progesterone-releasing device (1.38 g progesterone; Eazi-Breed CIDR, Zoetis, 
Parsippany-Troy Hills, NJ, USA) and an injection of GnRH agonist (100 µg Factrel®, Zoetis,  
Parsippany-Troy Hills, NJ, USA) intramuscularly. The intravaginal device was removed 5 days 
later, and both heifers were given PGF2α analog (25 mg dinoprost tromethamine, Lutalyse, Zoetis, 
Parsippany-Troy Hills, NJ, USA) intramuscularly at the time of the intravaginal device removal 
81 
 
and again 24 h later. The heifers were examined daily by transrectal ultrasonography to measure 
follicular growth, and an ovariectomy was performed at 48 h after the second PGF2α injection when 
the dominant follicles reached at least 12 mm in diameter. Ovariectomy was performed as 
described elsewhere [20] using colpotomy in the standing position under sedation with 15 mg 
intramuscular xylazine (AnaSed® Injection, Lloyd, Inc., Shenandoah, IA, USA) and caudal 
epidural anesthesia with 5 mL of 2% (w/v) lidocaine HCl (VetOne®, Boise, Idaho, USA). Heifers 
were treated pre-operatively with ceftiofur crystalline free acid (6.6 mg/kg; Excede®, Zoetis, 
Parsippany-Troy Hills, NJ, USA) injected subcutaneously in the base of the ear and flunixin 
meglumine (2.2 mg/kg; Norbrook® Inc., Overland Park, KS, USA) intravenously. An incision 
was made in the dorsolateral aspect of the vaginal fornix, and the peritoneum was manually 
punctured after blunt dissection through the adventitia. The mesovarium was manually 
compressed, and the ovary containing the dominant follicle was removed using a chain Écraseur. 
Ovaries were placed in ice-cold phosphate buffered saline solution containing 2% antibiotic-
antimycotic mixture (25 μg/mL amphotericin B, 10,000 units/mL penicillin, 10,000 μg/mL 
streptomycin; Gibco, Gaithersburg, MD, USA) for transport to the laboratory.  
4.3.3 Isolation of follicular wall  
The pre-ovulatory follicle was identified and excised from each ovary for use in the tissue 
culture system (Fig. 9). Follicular fluid was aspirated and frozen at −80°C. The follicles were 
dissected into quarters, and the theca interna with adherent granulosa cells was peeled from the 
theca externa and surrounding stromal tissue. The remaining follicle wall preparations (theca 
interna and granulosa cells) were cut into 26 pieces (average weight: 5.3 ± 0.7 mg), 24 of which 
were transferred to a costar 24-well plate (1 piece/well; Cambridge, MA, USA) for tissue culture, 
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as previously described [21,22]. The remainder of the tissue was flash frozen in liquid nitrogen 
and maintained at −80°C for further analyses. 
4.3.4 Treatment of follicular wall tissue with NGF 
The follicle wall pieces were cultured in 0.5 mL of medium consisting of Eagle’s MEM 
(Invitrogen, Carlsbad, CA, USA) supplemented with 1% L-glutamine (Gibco, Gaithersburg, MD, 
USA), 1% nonessential amino acids (Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin-
streptomycin (Sigma-Aldrich), 1% ITS (10 ng/ml insulin, 5.5 ng/ml transferrin, 5.5 ng/ml 
selenium, Sigma-Aldrich), 10% fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville, 
GA), 40 ng/mL cortisol (Sigma-Aldrich), 4 ng/mL human recombinant LH (Dr. A. F. Parlow, 
National Hormone and Peptide Program, Harbor- UCLA Medical Center, Torrance, CA, USA), 
and 4 ng/mL human recombinant FSH (Dr. A. F. Parlow, National Hormone and Peptide Program). 
Culture medium was either supplemented with purified bovine NGF (100 ng/mL, n = 12) or left 
untreated (control, n = 12). The single plate was incubated at 37°C in a humidified incubator gassed 
with 5% CO2:95% air for 72 h. The NGF used was purified from bovine seminal plasma as 
described elsewhere in a parallel study  [14].   
4.3.5 Hormone assays 
The aliquots (0.5 mL) of culture medium at 3, 6, 12, 24, 48, and 72 h of culture were 
collected and preserved at −20°C for subsequent steroid assays. Progesterone, testosterone, and 
estradiol-17β secretion by granulosa and theca cells into the culture media were measured using 
chemiluminescence assay (Immulite 2000 XPi platform; Siemens Medical Solutions, Malvern, 
PA, USA, Inc.).  Total hormone production for each well was calculated by multiplying the 
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measured concentration by the volume of media (0.5 mL) and then dividing by tissue weight (mg). 
Intra-assay coefficient of variations were 4.0% (testosterone), 2.4% (progesterone), and 3.1% 
(estradiol-17β). Inter-assay coefficient of variations were 12% (testosterone), 19% (progesterone), 
and 15% (estradiol-17β). The progesterone assay had a detection range of 0.2 to 40 ng/mL and a 
sensitivity of 0.1 ng/mL. The testosterone assay had a detection range of 20 to 1600 ng/mL and a 
sensitivity of 15 ng/dL. The estradiol-17β assay had a detection range of 20-2000 pg/mL and a 
sensitivity of 15 pg/mL. 
4.3.6 Quantitative real-time PCR analyses  
At the end of the 72-h culture period, follicle wall pieces were weighed and flash-frozen. 
Follicular tissue mRNA expression was determined for LH/ choriogonadotropin receptor (Lhcgr), 
FSH receptor (Fshr), prostaglandin E synthase (Pges), vascular endothelial growth factor A 
isoform 121 (Vegfa121), vascular endothelial growth factor receptor 2 (Vegfr2), fibroblast growth 
factor 2 (Fgf2), estrogen receptor alpha (Esr1), steroidogenic acute regulatory protein (Star), side-
chain cleavage enzyme (Cyp11a1), 17α-hydroxylase/17-20 lyase (Cyp17a1), aromatase 
(Cyp19a1), 3 beta-hydroxysteroid dehydrogenase (3β-hsd), and 17 β-hydroxysteroid 
dehydrogenase (17β-hsd). Primer sequences are summarized in Table 5 [23,24]. 
Follicle tissue lysis and RNA extraction were conducted according to the manufacturer's 
recommendations (PureLink RNA Mini Kit, Invitrogen, Carlsbad, CA, USA). Isolated RNA was 
evaluated for concentration and purity using a NanoDrop One Spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA). A maximum of 2 μg of mRNA was used to synthesize 
complementary DNA using a commercial kit (High-capacity cDNA Reverse Transcription Kit, 
Applied Biosystems, Foster City, CA, USA) supplemented with RNase inhibitor (RNase Inhibitor, 
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human placenta, New England BioLabs, Ipswich, MA, USA). Complementary DNA was used for 
quantitative real-time reverse transcription PCR using a 7500 Real-Time PCR Detection System 
(Applied Biosciences) with PowerUpTM SYBRTM Green Master Mix (2X; Applied Biosciences). 
All assays were carried out in triplicate for each target mRNA. The amplification conditions were 
as follows: 50°C for 2 min, 95°C for 2 min, and 40 cycles at 95°C for 15 s and 60°C for 60 s. 
Primers were designed for the constitutively expressed mRNAs, glyceraldehyde-3-phosphate 
dehydrogenase (Gapdh), ribosomal protein L 15 (Rpl-15), and ribosomal protein L 19 (Rpl-19), 
with the expression value of each gene normalized to mean of these genes (Table 1). Relative 
expression values were obtained by determining the PCR amplification efficiency (E = 2) to the 
power of the delta-delta threshold cycle (ΔΔCt) obtained from the ΔCt least square mean 
differences of pairwise comparisons between initial and cultured tissue [25].  
4.3.7 Statistical analyses 
Data are presented as percentage mean ± SEM. All statistical analyses were performed 
using R Version 3.4.3 (https://www.r-project.org/). Normality was confirmed using a Shapiro-
Wilk test of the residuals. Non-normal data were transformed using Tukey’s Ladder of Powers. If 
transformation did not result in a normalized population, a Kruskal-Wallis rank sum test was 
performed. Analysis of variance was applied to parametric data using a general linear mixed model 
with repeated measures applied for hormone data. The covariance structure that resulted in the 
smallest Bayesian information criterion was selected from the mixed models. Significance was 





4.4.1 NGF treatment increases androgen production in the bovine pre-ovulatory follicle 
As previously reported, treatment of bovine theca cells with recombinant NGF increased 
androstenedione and progesterone production [5]. Given the two-cell, two-gonadotropin theory, 
where androgens produced by theca cells are aromatized to estrogens in the granulosa cells [26,27], 
we anticipated that purified NGF treatment would increase estradiol production secondarily 
through increased androgen precursor. On the contrary, NGF treatment did not alter follicular 
production of progesterone (P = 0.81; Fig. 10A) or estradiol-17β (P = 0.14; Fig. 10C), but did 
increase testosterone production compared to untreated controls (P < 0.01; Fig. 10B). Testosterone 
concentrations in treated wells were consistently higher than untreated wells until completion of 
the culture at 72 h.  
At completion of culture, follicle wall pieces were also flash frozen and subjected to gene 
quantification to evaluate steroidogenic enzyme expression. Consistent with increased testosterone 
production, follicle wall preparations treated with NGF experienced upregulated expression of the 
enzyme 17β-hsd (P = 0.04; Fig. 11A), which converts androstenedione to testosterone in the theca 
cell and estrone to estradiol in the granulosa cell. There was no effect of NGF on expression of the 
aromatase enzyme Cyp19a1 that converts androstenedione to estrone and testosterone to estradiol 
in the granulosa cells, which explains the lack of difference in estradiol production from NGF-
treated tissue. Treatment with NGF also did not alter expression of the steroidogenic enzymes 
responsible for the conversion of cholesterol to pregnenolone (Star, Cyp11a1), pregnenolone to 
progesterone (3β-hsd), or progesterone to androstenedione (Cyp17a1) (P ≥ 0.31; Table 6). 
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4.4.2 NGF treatment does not alter expression of gonadotropin or estrogen receptors 
The cultured tissue was derived from follicles destined to ovulate within 24 h based on the 
synchronization protocol used. Therefore, by 72 h, we expected to see changes consistent with the 
post-ovulatory follicular to luteal transition. Following ovulation, the LH-receptor-bearing theca 
cells luteinize and become small luteal cells that secrete progesterone in response to LH signaling 
[28,29]. On the other hand, FSH-receptor-bearing granulosa cells luteinize and become large luteal 
cells, losing their FSH receptor [30]. Consistent with transition to luteal tissue, we observed an 
unaltered change in expression of Lhcgr after 72 h culture, whereas Fshr was undetectable by the 
assay (Table 6). Interestingly, despite evidence of NGF-induced theca cell proliferation in 
steroidogenesis, we found that thecal cell Lhcgr expression was not affected by NGF treatment (P 
= 0.41; Table 6). Another change commonly found during this transitional period is increased 
expression of Esr1 during follicular growth and early luteal phase (d 1 through 4 of estrous cycle) 
[31]. The results herein described no significant increase in expression of Esr1 following the 72 h 
culture period in either treatment group (P = 0.77; Table 6). 
4.4.3 NGF treatment does not increase angiogenic markers in the bovine pre-ovulatory follicle 
In llamas, systemic NGF treatment increased vascularity of the pre-ovulatory follicle 
[32,33]. While this angiogenic effect was speculated to be modulated through increased LH 
production, we were interested in evaluating the direct effects of NGF on angiogenic markers in 
the bovine ovary [24]. In cattle, ovarian function depends on a complex remodeling of the vascular 
system between ovulation and CL development that involves temporal expression of vascular 
endothelial growth factor A (VEGFA) and fibroblast growth factor 2 (FGF2) [34]. Another factor 
crucial to ovulation and CL formation is prostaglandin E2, which can be stimulated from bovine 
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theca cells with NGF treatment and is thought to be derived from prostaglandin E synthase (PGES) 
activity [5,35]. The results herein demonstrated that NGF treatment down-regulated expression of 
Fgf2 (P = 0.02; Fig. 11B), but did not alter Pges or Vegfa121 expression in bovine follicle tissue (P 
≥ 0.44; Table 6).  
4.5 Discussion 
 The current study evaluated the direct effects of NGF, purified from bull seminal plasma, 
on bovine pre-ovulatory follicle tissue. In a previous study, theca cells from bovine antral follicles 
treated with recombinant NGF displayed an increase in androstenedione and progesterone 
production [5]. Androstenedione is converted to testosterone in the theca cells by the enzyme 17 
β-hydroxysteroid dehydrogenase (17β-HSD) [21]. Consistently, in the current study, 17β-hsd 
expression was upregulated and testosterone production increased in the NGF-treated follicle 
tissue. Testosterone is produced by theca cells and converted to estradiol in the granulosa cell via 
the aromatase enzyme (CYP19A1) [21]. Despite the increased production of its testosterone 
precursor, estradiol concentrations and Cyp19A1 expression were unaffected by NGF treatment. It 
was previously reported that NGF stimulated proliferation of theca cells from bovine pre-ovulatory 
follicles [5]. Therefore, the increase in testosterone production observed herein could be due to an 
increase in theca cell number, since estradiol production by the granulosa cells was unaffected.  
After ovulation, theca cells differentiate into small luteal cells that, in response to LH 
binding, produce an early rise in progesterone that is essential for supporting initial embryonic 
growth [36]. Though we found no differences in expression of Lhr in the current study, it would 
be worthwhile to evaluate its expression in vivo to determine if there are downstream effects on 
the presence of small luteal cells in the mature bovine CL. This finding may explain how systemic 
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administration of NGF can improve CL development and function in cattle [12–14]. Additionally, 
one study demonstrated that 17β-HSD-knockout female mice were able to cycle normally, but 
failed to initiate pseudopregnancy after being mated by sterile males [37], suggesting a critical role 
of this enzyme in promoting CL formation. Another study observed increasing expression of 
Esr1in the theca interna cells with the growing pre-ovulatory follicle [31]. It was speculated that 
this upregulation plays an important role in providing feedback to further stimulate theca cell 
production of androgens [31]. Though the current study did not detect an effect of NGF treatment 
of Esr1 expression, further studies should evaluate its in vivo effect on the mature bovine CL since 
it exhibits temporal expression and has been associated with luteal blood flow [24]. 
Herein, treatment of follicle tissue with NGF did not alter expression of other steroidogenic 
enzymes or progesterone production, which serves as a precursor for androstenedione production 
in the pre-ovulatory follicle [21]. This is contradictory to the previous observation of increased 
theca cell progesterone production in response to NGF treatment [5]. One crucial distinction 
between studies is that our culture media contained gonadotropins (LH/FSH) in both control and 
NGF  wells attempting to emulate the pre-ovulatory cascade, whereas the previous study treated 
only the control wells with gonadotropins [5]. Supplementing media with LH and FSH in vitro 
stimulated endogenous NGF secretion from medium to large follicles in ewes [8]. Therefore, the 
inclusion of gonadotropins in the control medium, but not in the NGF-treated medium, may 
confound the outcomes of exogenous NGF supplementation since the ovary is capable of 
endogenous NGF production in response to gonadotropin signaling. It is also worth noting that 
human chorionic gonadotropin (hCG) was used to treat control samples previously rather than LH 
[5]. While hCG shares the same receptor with LH, hCG also stimulates different intracellular 
signaling pathways [38], which could alter its downstream effects. Though studies have 
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demonstrated increased blood progesterone concentrations in cattle treated parentally with NGF  
[12–14], these effects were not evident  until day 10 of the luteal phase and were likely secondary 
to the interactions of NGF  with the pre-ovulatory follicle. However, infusion of both immature 
and mature bovine CL with NGF for 30 min using a microdialysis system stimulated progesterone 
release [39], suggesting a direct luteotrophic role of NGF. Future studies using a whole animal 
model may be beneficial to determine the putative role of NGF on CL function in cattle throughout 
the luteal phase to better understand its luteotrophic effects. 
Systemic administration of purified llama NGF resulted in greater vascularity of the pre-
ovulatory follicle of llamas at 4 h after treatment when compared to GnRH-treated llamas [32]. 
Previously, thecal cells extracted from bovine pre-ovulatory follicles treated with NGF stimulated 
prostaglandin E2 release for up to 8 h [5]. Prostaglandin E2 is synthesized by PGES and acts as a 
pro-angiogenic molecule in vascular endothelium by recruiting the paracrine-autocrine mechanism 
characteristic of endothelium cells, resulting in vascular remodeling [40]. Prostaglandin E2 also 
supports luteal progesterone production in cattle [41], potentially through increased CL vascularity 
[42]. Consistently, one study observed higher Pges mRNA and PGES protein levels in the CL of 
early pregnancy (days 20 to 30) than in the luteal phase (days 8 to 12 of the estrous cycle) or after 
40 days gestation of artificially inseminated cows [23]. To our surprise, NGF treatment did not 
enhance follicular expression of Pges in the current study. Interestingly, 17β-HSD enzymes have 
been found to play a role in the synthesis of arachidonic acid and its downstream eicosanoid 
metabolites, such as prostaglandin E2 [43]. Therefore, it is possible that NGF may induce 
prostaglandin E2 synthesis through the observed upregulation of 17β-hsd presented herein, but 
further work is needed to confirm this hypothesis. 
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Contrary to our hypothesis, there was a downregulation in gene expression of Fgf2 and no 
change in gene expression of Vegfa121 in follicle tissue treated with NGF. Both VEGFA and FGF2 
promote vascular supply growth during follicular to luteal transition in the cow ovary, with 
resulting changes in their localization patterns [44,45]. Follicular Fgf2 mRNA and FGF2 protein 
increased around 4 h after GnRH administration in cows, corresponding with the LH surge [46]. 
Immediately following the LH surge, FGF2 stimulates the migration and proliferation of 
endothelial cells that help to establish luteal blood flow [34]. During early CL formation, FGF2 
concentrations decrease while the capillary beds are reconstructed to establish blood flow [34]. In 
contrast, VEGFA concentrations remain high throughout ovulation and CL development to 
support endothelial cell survival [34]. Given that the assays were performed after 72 h in culture, 
it is possible that the timing to this reconstruction phase was hastened by NGF treatment, which 
may account for the observed decrease in Fgf2 expression. Future studies assessing the temporal 
expression of these angiogenic enzymes are warranted to clarify exactly how NGF could alter the 
follicular to luteal transition. 
In conclusion, the results of the current study demonstrated that NGF, purified from bull 
seminal plasma, can act directly on the theca and granulosa cells of the bovine pre-ovulatory 
follicle to stimulate testosterone, but not progesterone or estradiol production. Increased 
testosterone production appeared to be mediated through upregulation of the steroidogenic enzyme 
17β-hsd, which may be secondary to theca cell proliferation and could play a role in CL formation. 
Additionally, decreased Fgf2 expression in NGF-treated tissue may be due to the hastened onset 
of tissue remodeling that occurs during early CL development. Further, in vivo studies are 
warranted to determine the effects of NGF within the complex hypothalamic-pituitary-ovarian axis 
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4.7 Tables and Figures 
Table 5.  List of genes and primers used for quantitative real-time PCR 
Target genes and abbreviations NCBI Sequence Primer    Primer Sequence 




























17α-hydroxylase/17-20 lyase (Cyp17a1) NM_174304 Forward 
Reverse 
   5’-TGTGGCCCCTACGCTGAT-3’ 
   5’-CGCCAATGCTGGAGTCAAT-3’ 
Aromatase (Cyp19a1) NM_174305 Forward 
Reverse 
5′-GTCCGAAGTTGTGCCTATTGCCAGC-3′  
5′- CCTCCAGCCTGTCCAGATGCTTGG -3′ 


























Table 6. Fold change in mRNA expression of gonadotropin receptors, angiogenic enzymes, and steroidogenic enzymes in bovine 
follicle wall tissue preparations treated with 100 ng/mL NGF vs. untreated (Control) for 72 h. Data are presented as mean ± SEM. 
 
Gene names and abbreviations Control NGF P-value 
Steroidogenic acute regulatory protein (Star) 0.17 ± 0.02 0.29 ±  0.1 0.34 
Side-chain cleavage enzyme (Cyp11a1) 17.81 ± 9.2 8.67 ± 5.0 0.40 
3-beta-hydroxysteroid dehydrogenase (3β-hsd) 0.67 ± 0.19 2.55 ± 1.9 0.60 
17α-hydroxylase/17-20 lyase (Cyp17a1) 0.01 ± 0.00 0.01 ± 0.00 0.31 
Aromatase (Cyp19a1) 0.02 ± 0.01 0.01 ± 0.01 0.53 
Luteinizing hormone receptor (Lhcgr) 0.07 ± 0.01 0.09 ± 0.03 0.41 
Follicular stimulating hormone receptor (Fshr) Undetected Undetected N/A 
Estrogen receptor alpha (Esr1) 0.04 ± 0.01 0.05 ± 0.02 0.77 
Prostaglandin E synthase (Pges) 13.27 ± 2.0 11.21 ± 1.4 0.63 






Figure 9. Graphical depiction of the methodology used to assess the effects of NGF, purified from 






Figure 10. Steroid hormone production in follicle tissue preparations treated with 100 ng/mL NGF 
vs untreated (control) during 72 h. (A) Progesterone production did not differ between treatment 
groups (P > 0.05). (B) Testosterone production was increased in NGF-treated follicle tissue (P < 
0.05). (C) Estradiol-17β production did not differ between treatment groups (P > 0.05). Data is 




Figure 11. Box-and-whisker plots demonstrating fold change mRNA expression of enzymes in 
follicle tissue preparations treated with 100 ng/mL NGF vs untreated (control) for 72 h. (A) NGF 
treatment upregulated expression of steroidogenic enzyme 17 β-hydroxysteroid dehydrogenase 
(17β-hsd). Transformed data is presented. (B) NGF treatment resulted in a down-regulation of 
angiogenic enzyme fibroblast growth factor 2 (Fgf2). Differing letters denote differences between 
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Chapter 5:  
Effects of Nerve Growth Factor-β on Peri-Ovulatory Dynamics and Corpus Luteum 
Formation in Heifers  
5.1 Abstract 
Nerve growth factor-β (NGF) is a seminal plasma protein that stimulates bovine theca cell 
proliferation and steroidogenesis in vitro and is luteotrophic in vivo, yet there is little information 
on how it alters the complex dynamics of the hypothalamic-pituitary-ovarian axis throughout 
ovulation in cattle. The objectives of this study were to evaluate the effects of systemically 
administered purified bovine NGF on vascularity and steroidogenic function of the pre-ovulatory 
follicle (POF) and subsequent corpus luteum (CL) in cattle. Heifers (n = 12) were synchronized 
using a GnRH-prostaglandin and intravaginal progesterone protocol (5-d CIDR-Synch) and 
randomly allocated to 1 of 2 treatment groups: (1) Control- 12 mL phosphate-buffered saline; or 
(2) NGF- 250 µg purified NGF in 12 mL phosphate-buffered saline administered intramuscularly 
at day 0. Using a crossover design, a second replicate was performed using at approximately 1 
month after completion of the first replicate. Transrectal ultrasonography and blood collections 
were performed every 4 h from 0 to 32 h to evaluate POF size and vascularity, time to ovulation, 
and serum estradiol-17β  concentrations. Transrectal ultrasonography was performed daily to 
assess CL size and vascularity, and blood was obtained every 2 d to measure serum progesterone 
concentrations. On days 9 and 14, a CL biopsy was performed on a subset of heifers to assess 
steroidogenic and angiogenic gene expressions and measure the ratio of small to large luteal cells. 
There was a main effect of NGF treatment on POF diameter (P = 0.02), but no effect on serum 
estradiol-17β levels (P = 0.95) or time to ovulation (P = 0.42). Treatment with NGF tended to 
increase CL diameter (P = 0.10) and increased serum progesterone levels from days 10 to 12 (P = 
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0.04). Consistently, there was a higher percentage of small luteal cells in the CL of NGF heifers 
(P < 0.01) and increased gene expression of steroidogenic acute regulatory protein (P = 0.04), 3-
β-hydroxysteroid dehydrogenase (P = 0.05), and luteinizing hormone receptor (P = 0.09). There 
were no differences in vascularity of the POF or CL (P ≥ 0.16), with decreased expression of the 
angiogenic enzyme PGES in the CL of NGF versus control heifers (P = 0.03). This study 
concluded that systemic administration of purified NGF to heifers has a luteotrophic affect 
attributed to increased small luteal cell number and steroidogenic enzyme activity within the CL. 
5.2 Introduction 
Nerve growth factor-β (NGF) is a seminal plasma protein found in a variety of species, 
such as camelids and bulls, and is positively associated with bull fertility [1,2]. It has been reported 
that NGF functions within the female reproductive tract to exert a luteotrophic effect in both cattle 
[3–5] and camelids [6–8]. Dose-dependent luteotrophic effects of NGF in camelids have been 
attributed to prolonged luteinizing hormone (LH) secretion [6], but this mechanism has yet to be 
observed in cattle. Though NGF stimulated LH release in bovine pituitary cultures [9], no change 
in LH pulsatility was detected in pre-pubertal heifers treated with purified llama NGF [3]. In 
mature heifers, NGF treatment was associated with a rise in circulating follicle stimulating 
hormone (FSH) concentrations, demonstrating potential interactions at the level of the anterior 
pituitary [3]. In vitro NGF treatment of theca cells from bovine pre-ovulatory follicles (POF) 
induced cell proliferation and stimulated prostaglandin E2 (PGE), androgen, and progesterone 
release [10]. Through the two-cell, two-gonadotropin theory, it seems likely that increased 
androgen production from bovine theca cells could stimulate increased granulosa cell estradiol 
production [11]. Estradiol signaling within the hypothalamus stimulates gonadotropin secretion 
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from the anterior pituitary, promoting further growth of the dominant follicle and, eventually, 
ovulation [12]. In the human POF, NGF stimulated estradiol secretion directly and through 
upregulation of ovarian FSH receptors [13]. There is, therefore, a need to evaluate the effects of 
NGF within this complex hypothalamic-pituitary-gonadal axis to determine its role in ovulatory 
dynamics of cattle. 
Llamas treated with NGF experienced an increase in vascularity of both the POF and 
subsequent corpus luteum (CL) [14,15]. Increased PGE production from the POF, stimulated by 
NGF treatment, could play a role in increasing vascularity within the ovary [16]. Vascularity of 
the CL is significantly correlated with progesterone production in the early luteal phase of cattle 
[17] and could account for observations of improved luteal function [3–5]. Alternatively, NGF-
induced theca cell proliferation could increase the number of small luteal cells (SLC) present, 
which have the ability to secrete high quantities of progesterone when stimulated by LH signaling 
[18]. Though the proportion of SLC and large luteal cells (LLC) did not differ between NGF-
treated and control llamas, there was an upregulation in expression of steroidogenic enzymes 
CYP11A1 and StAR [15], consistent with improved steroidogenic function. However, the 
luteotrophic mechanism of NGF in cattle, a spontaneously ovulating species, has yet to be 
assessed. Therefore, the objectives of the current study were to evaluate the effects of systemically 
administered purified bovine NGF on vascularity and steroidogenic function of the POF and 





5.3 Materials and Methods 
5.3.1 Estrus synchronization and NGF treatment 
Cycling, Holstein heifers at 12 to 14 months of age with no history of reproductive or health 
disorder were eligible for enrollment in the study. The study was performed in two replicates using 
a cross-over design, with the second replicate beginning approximately 1 month after completion 
of the first replicate. Enrolled heifers (n = 12 per replicate) received an intravaginal progesterone-
releasing device (1.38 g progesterone; Eazi-Breed CIDR, Zoetis, Parsippany-Troy Hills, NJ) and 
2 mL (100 µg) of gonadotropin releasing hormone (GnRH) agonist (Factrel®, Zoetis) 
intramuscularly. The CIDR was removed 5 days later, and heifers were given 5 mL of 
prostaglandin F2α (PGF) analog (25 mg dinoprost tromethamine, Lutalyse, Zoetis) 
intramuscularly at CIDR removal and again 24 hours later. Transrectal ultrasonography (Ibex Evo, 
EI Medical Imaging, Loveland, CO) was performed at 48 hours after the second PGF injection to 
ensure that a follicle, but no CL, was present. At this time, a second dose of 100 µg GnRH agonist 
was administered, and heifers were randomly assigned to one of two treatments: (1) NGF (n = 6 
per replicate) – intramuscular administration of 250 µg purified bovine NGF reconstituted in 12 
mL phosphate-buffered saline (pH 7.4); or (2) Control – intramuscular administration of 12 mL 
phosphate-buffered saline (n = 6 per replicate). The NGF used was purified from bovine seminal 






5.3.2 Determination of hormone concentrations 
Blood samples were collected from the coccygeal or jugular veins throughout the study. At 
-1 h, blood was collected from all heifers for pre-treatment quantification of serum estradiol-17β 
and progesterone, and then every 4 h for measuring estradiol-17β concentrations until 32 h. 
Following ovulation, blood was collected every 2 days until day 14 for serum progesterone 
concentration analyses. Hormones were analyzed using chemiluminescence assay (Immulite 2000 
XPi platform; Siemens Medical Solutions USA, Inc.). Intra-assay coefficient of variations were 
2.4% (progesterone) and 3.1% (estradiol-17β). Inter-assay coefficient of variations were 19% 
(progesterone) and 15% (estradiol-17β). The progesterone assay had a detection range of 0.2 to 40 
ng/mL and a sensitivity of 0.1 ng/mL. The estradiol-17β assay had a detection range of 20-2000 
pg/mL and a sensitivity of 15 pg/mL. 
5.3.3 Ultrasonographic examination of ovarian structures 
The ovaries of each heifer were examined by transrectal ultrasonography equipped with a 
7.5 mHz linear array-transducer and Doppler (Ibex Evo, EI Medical Imaging, Loveland, CO) 
immediately prior to treatment and every 4 h up to 32 h after treatment to measure the POF 
diameter and vascularity (Fig. 12A) and determine time to ovulation [14]. After ovulation, 
ultrasonography was performed daily to measure CL size and vascularity (Fig. 12B). Cineloops (8 
seconds in length) of the POF/CL were recorded during power Doppler imaging and downloaded 
into VLC media player (www.videolan.org, Boston, MA, USA). Cineloops was examined frame-
by-frame to select three images that represent the maximum vascular signal near the maximum 
cross-sectional area of the POF/CL as previously described [14]. Images were saved in JPG format 
with minimal compression and analyzed using ImageJ software (National Institute of Health, 
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Bethesda, MD, USA) to determine the degree of POF/CL vascularization. The degree of 
vascularization was estimated by measuring the area (cm2) of the vascular flow signals (power 
Doppler) overlaying the B-mode image of the POF/CL. The average of the three images was used 
to represent the value of each heifer at each time point. 
5.3.4 Corpus luteum biopsy 
A transvaginal ultrasound-guided biopsy of the CL was performed on a subset of heifers 
on days 9 (n = 6 per treatment) and 14 (n = 6 per treatment). The technique for biopsy has been 
described and validated for use on bovine CL previously [19–21]. Repeated biopsies did not affect 
CL size or function (progesterone production), and thus, these parameters can continue to be 
measured [19]. However, the effects of serial biopsies on CL vascularity have not been evaluated, 
therefore CL vascularity was not assessed in heifers after biopsies were performed. A MC 8.0MHz 
transducer was used for the transvaginal placement of the biopsy needle (Fig. 13A; EI Medical 
Imaging). The biopsy needle was 60 cm long, with a specimen notch (20 × 1 × 0.5 mm) covered 
by an 18-gauge cutting cannula triggered with an automated spring-loaded device (Fig. 13B; Cook 
Medical, Bloomington, IN).  
Caudal epidural anesthesia was performed using 5 mL of lidocaine hydrochloride 
injectable 2%. The perineal area of each heifer was scrubbed with dilute betadine and alcohol. The 
transvaginal probe was inserted such that the transducer faced the wall of the vaginal fornix. The 
biopsy needle was fed into the needle channel of the probe, and the ovary was positioned 
transrectally against the vaginal wall. When the ovary was in position against the vaginal wall and 
transducer face, the inner needle was advanced into the CL (Fig. 13C). Once the needle was 
visualized on the ultrasound and determined to be in the correct position, the spring-locked cutting 
107 
 
cannula was fired, cutting off a section of tissue within the specimen notch and enclosing it within 
the covering of the outer cannula. The set was withdrawn and the tissue specimen was visually 
evaluated for quality. This procedure was repeated once within each heifer to obtain a total of two 
tissue specimens. One specimen was fixed in 10% formalin solution and the other was flash-frozen 
in liquid nitrogen for mRNA isolation and quantitative PCR analysis.  
5.3.5 Histological analyses of CL tissue 
Formalin-fixed CL sections from each heifer were embedded in paraffin, sectioned at a 
thickness of 3 µm, and mounted on several poly-L-lysin coated glass slides. These sections were 
stained with hematoxylin and eosin for examination under a light microscope for determining 
luteal cell number as previously described [15]. Large (LLC) and small luteal cells (SLC) were 
identified by their respective sizes of < 20 µm and > 35 µm [22] and counted in 10 
fields/slide/animal at 400× for each time point. Measurements were analyzed using ImageJ 
software (National Institute of Health, Maryland, and Washington D.C., USA). Percentage of SLC 
were calculated as the percentage SLC over total cells counted (SLC + LLC). 
5.3.6 Quantitative real-time PCR analyses of CL tissue 
Luteal tissue mRNA expression was determined for luteinizing hormone/ 
choriogonadotropin receptor (Lhcgr), oxytocin (Ot), prostaglandin E synthase (Pges), 
prostaglandin E receptor (Pger), vascular endothelial growth factor A isoform 121 (Vegfa121), 
vascular endothelial growth factor receptor 2 (Vegfr2), fibroblast growth factor 2 (Fgf2), estrogen 
receptor alpha (Esr1), steroidogenic acute regulatory protein  (Star), side-chain cleavage enzyme 
(Cyp11a1), 17α-hydroxylase/17-20 lyase (Cyp17a1), aromatase (Cyp19a1), 3 beta-hydroxysteroid 
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dehydrogenase (3β-hsd), and 17 β-hydroxysteroid dehydrogenase (17β-hsd). Primer sequences are 
summarized in Table 7 [21,23]. 
Tissue lysis and RNA extraction were conducted according to the manufacturer's 
recommendations (PureLink RNA Mini Kit, Invitrogen, Carlsbad, CA). Isolated RNA was 
evaluated for concentration and purity using a NanoDrop One Spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA). A maximum of 2 μg of mRNA was used to synthesize complementary 
DNA using a commercial kit (High-capacity cDNA Reverse Transcription Kit, Applied 
Biosystems, Foster City, CA). Complementary DNA was used for quantitative real-time reverse 
transcription PCR using a 7500 Real-Time PCR Detection System (Applied Biosciences) with 
PowerUpTM SYBRTM Green Master Mix (2X; Applied Biosciences.). Primers were designed for 
the constitutively expressed mRNAs, glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and 
ubiquitin (Ubq), with the expression value of each gene was normalized to mean of these genes. 
The expression value of each gene in a WT control was arbitrarily defined as 1 U.  All assays were 
carried out in triplicate for each target mRNA.  
5.3.7 Statistical analyses 
Data are presented as percentage mean ± SEM. All statistical analyses were performed 
using R Version 3.4.3 (https://www.r-project.org/). Normality was confirmed using a Shapiro-
Wilk test of the residuals. Non-normal data was transformed using Tukey’s Ladder of Powers. If 
transformation did not result in a normalized population, a Kruskal-Wallis rank sum test was 
performed. Analysis of variance was applied to data using a general linear mixed model with 
repeated measures using heifer ID as a random variable. The covariance structure that resulted in 
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the smallest Bayesian information criterion was selected from the mixed models. Significance was 
declared at P ≤ 0.05 whereas tendency was discussed at 0.05 < P < 0.10. 
5.4 Results 
5.4.1 Pre-ovulatory effects of NGF treatment 
There was no difference in time to ovulation between NGF (13.78 ± 3 h) and control heifers 
(17.45 ± 3 h; P = 0.42). There was a main effect of NGF treatment on the size of the pre-ovulatory 
follicle (P ≤ 0.02), with a tendency towards a treatment by time interaction (P = 0.10; Fig. 14A). 
Treatment with NGF did not affect follicle vascularity (P = 0.16; Fig. 14B) or serum estradiol-17β 
concentrations (P = 0.95; Fig. 14C). 
5.4.2 Post-ovulatory effects of NGF treatment 
As expected, CL diameter increased over time (P < 0.01), with a tendency be higher in 
NGF over control heifers (P = 0.10; Fig. 15A). There was no treatment or treatment by time 
interaction on CL vascularity (P = 0.20; Fig. 15B). Serum progesterone concentrations increased 
over time in both groups (P < 0.01; Fig. 15C). There was an interaction of treatment by time, with 
higher serum progesterone concentrations observed in NGF heifers compared to control heifers 
from days 10 through 12 (P = 0.04; Fig. 15C). Percentage of small luteal cells was increased in 
the CL of NGF heifers when compared with control heifers (P < 0.01; Fig. 16). 
There was a tendency for increased Lhcgr expression in the CL of NGF heifers compared 
to control heifers (P = 0.09; Fig. 17A), but no differences in Ot expression (P=0.15; Fig. 17B). 
Gene expression of steroidogenic enzymes Star and 3β-hsd were also upregulated in the CL of 
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NGF heifers (P ≤ 0.05; Fig. 18A and C). There was a tendency for 17β-hsd to be decreased on day 
9 and increased on day 14 in NGF heifers compared to control heifers (P = 0.06; Fig. 18D). There 
was no effect of NGF treatment on expression of steroidogenic enzymes Cyp11a1 (P = 0.12; Fig. 
18B) or Cyp17a1 (P = 0.28; Table 8). Gene expression of angiogenic enzyme Pges was decreased 
in NGF heifers (P = 0.03), with a tendency for decreased gene expression of its receptor, Pger (P 
= 0.07; Table 8). There was no effect of NGF treatment on gene expression of angiogenic enzymes 
Esr1 or Fgf2 (P ≥ 0.41; Table 8). Gene expression of Vegfa121, Vegfr2, and Cyp19a1 were 
undetectable in both treatment groups (Table 8). 
5.5 Discussion 
The current study aimed to evaluate the effects of systemically administered NGF on peri- 
and post-ovulatory dynamics in heifers. The luteotrophic effect of NGF observed in the current 
study is consistent with previous findings in cattle [3–5]. In one study, purified llama NGF was 
administered systemically to mature Hereford crossbred heifers with a dominant follicle size of 
~12 to 14 mm [3]. Similar to the current study, plasma progesterone concentrations were increased 
on day 11 after ovulation in NGF-treated heifers compared to untreated control heifers [3]. 
Interestingly, plasma progesterone concentrations did not differ between NGF and GnRH treated 
heifers in this previous study [3]. In the current study, GnRH was given to both control and NGF-
treated heifers to maintain a routine synchronization schedule and evaluate the effects of NGF 
specifically. These differences suggest that there may be a synergistic mechanism between GnRH 
and NGF signaling that promotes CL formation following ovulation in cattle. Pre-treatment with 
a GnRH antagonist (cetrorelix) blocked the ability of both GnRH and NGF to invoke the pre-
ovulatory LH surge in llamas [24]. The authors of this study suggested that NGF may act directly 
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at the level of the hypothalamus, yet only a low proportion of GnRH neurons (2.5%) in llamas 
have been found to contain the NGF receptor, TrkA [25]. Based on these findings, it has been 
suggested that NGF may interact with GnRH neurons through an intermediate cell type, such as 
kisspeptin [25,26]. Given previous studies in cattle that have demonstrated upregulated ovarian 
theca cell Trka mRNA expression in response to LH treatment in vitro [10] and increased TrkA 
protein in the developing CL in vivo [27], it seems more likely that GnRH-induced LH secretion 
may act directly on the ovary to enhance NGF signaling in cattle. Additionally, endogenous 
follicular NGF production increased following the gonadotropin surge in ewes [28], suggesting 
another potential synergistic role of NGF introduced from seminal plasma at copulation. Further 
work is needed in spontaneously ovulating species, such as ruminants, to better discern these 
complex interactions between GnRH and NGF signaling within the hypothalamic-pituitary-
ovarian axis. 
A previous study by our research group reported increased serum progesterone 
concentrations beginning around day 10 in cows treated with purified bovine NGF [4], consistent 
with findings in the current study. Increased progesterone in NGF-treated animals persisted to days 
14 and 19 previously [4], whereas it only persisted through day 12 in the current study. However, 
the previous study used beef cows instead of dairy heifers, and artificial insemination was 
performed concurrently [4]. In that study, enhanced conceptus development was detected in 
pregnant NGF-treated cows, which was attributed to the role of progesterone on uterine histotroph 
production [29–31]. The timing of increased progesterone production may play a role in promoting 
embryonic growth and maternal recognition of pregnancy in cattle. Supplementing progesterone 
with a controlled internal drug release device from days 4 to 7 and 4 to 10 post-estrus in heifers 
with experimentally induced subluteal function resulted in significantly greater embryo length 
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compared to untreated subluteal control heifers [32]. On the contrary, supplementing progesterone 
from days 7 to 10 did not increase embryo length [32]. These findings suggest that there is a critical 
period between 4 and 7 days gestation in which increased progesterone may influence embryonic 
growth, yet NGF-induced luteotrophic effects are not apparent systemically until day 10. It is 
possible that either there are undetectable changes in local progesterone production earlier or that 
NGF can act directly on the ovulated oocyte. Incubation of sheep oocytes with NGF during in vitro 
fertilization induced early cleavage and improved embryo development [33]. More work is needed 
to evaluate the effects of NGF on uterine histotroph production, oocyte maturation, and in vitro 
fertilization in cattle to better distinguish the direct and indirect effects of NGF on conception. 
In llamas, administration of purified NGF exerted its luteotrophic effect by changing the 
pattern of LH release and enhancing POF vascularity at 4 hours after treatment [14]. Contradictory 
to this study, we found no difference in POF vascularity of NGF-treated heifers. Treatment of 
bovine theca cells in vitro with recombinant NGF increased androstenedione production [10], 
which is a precursor for estradiol synthesis. Follicular estradiol production regulates the 
hypothalamic events that lead to ovulation [34] and modulates the stimulatory effect of NGF on 
pituitary LH secretion in llamas [35]. Therefore, we expected to see increased systemic estradiol 
concentrations and a hastened onset of ovulation in NGF-treated heifers. On the contrary, we found 
that NGF treatment did not affect serum estradiol concentrations. Interestingly, there was a 
treatment effect on follicle size, suggesting an alternative interaction between NGF and the POF, 
potentially through increased PGE synthesis and antrum formation [10]. While the mean time to 
ovulation was less in NGF-treated heifers (~14 h) compared to control heifers (~17 h), there was 
a large variation in both groups that rendered this finding not significant. Though improved 
synchrony was detected in cows administered seminal plasma systemically [5], the findings from 
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the current study suggest that other factors may be involved. However, future studies with a larger 
sample size would be necessary to better determine the significance of this finding.   
Similarly, we found no changes in CL vascularity between NGF and control heifers. Gene 
expression of Fgf2 and Esr1 in the CL were previously associated with luteal blood flow in cattle 
[21] and did not differ between treatment groups in this study. Interestingly, gene expression of 
Vegfa121 and Vegfr2 in the CL were also associated with luteal blood flow in cattle previously [21], 
but were undetectable in our study. Highest expression of these genes in the bovine CL were 
detected during early luteal phase (days 1 to 4), followed by a significant decrease during mid to 
late luteal phases [36,37]. It is possible that these transcripts decrease much more significantly in 
heifers than in cows, rendering them undetectable in the current study. Another unexpected finding 
was downregulated Pges gene expression in the CL of NGF versus control heifers. Expression of 
Pges in the CL is stimulated by interferon tau and upregulated in the CL of early pregnancy when 
compared to non-pregnant animals [23,38]. Interestingly, prostaglandin E synthase is localized 
exclusively in LLC and is activated during luteal maintenance, which explains its role in early 
pregnancy [39]. The observed decrease in Pges expression could potentially be secondary to 
increased SLC number and function in NGF heifers, but follow-up studies are necessary to 
understand the relevance of these findings.  
In addition to increasing CL vascularity, NGF treatment enhanced steroidogenesis through 
upregulated Cyp11a1 and Star transcripts in the CL of llamas [15]. While we did not detect any 
differences in the gene expression of Cyp11a1, whose enzyme facilitates the conversion of 
cholesterol to pregnenolone [40], we did observe an upregulation of Star gene expression in the 
CL of NGF heifers. The steroidogenic acute regulatory protein functions to translocate cholesterol 
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from the outer to the inner mitochondrial membrane and is the rate-limiting step in steroid hormone 
production [41]. There was also an upregulation in the gene expression of 3β-hsd, whose enzyme 
converts pregnenolone to progesterone [40] and is associated with increased progesterone 
secretion from luteal tissue [42]. Gene expression of 17β-hsd, whose enzyme converts 
androstenedione to testosterone and estrone to estradiol, tended to be down-regulated on day 9 and 
upregulated on day 14 in the CL of NGF heifers. While 17β-hsd  gene expression was relatively 
low overall, the initial decrease may be secondary to improved progesterone productivity, whereas 
the subsequent increase may be related to onset of prostaglandin production and luteolysis [43]. 
The combination of these findings provide a rational explanation for the enhanced progesterone 
production in NGF heifers from days 10 to 12 of the current study.  
The increased percentage of SLC over LLC observed in the CL of NGF heifers seems to 
best explain the luteotrophic effect of NGF in cattle and is in contrast to llamas, where no changes 
in proportion of SLC to LLC were detected with NGF treatment [15]. Consistently, NGF treatment 
tended to increase Lhcgr gene expression, which is localized to the SLC [44], but did not alter Ot 
gene expression, which is localized to the LLC [45]. These findings indicate that the observed 
changes are likely due to increased total quantity of SLC, rather than a decrease in LLC. In the 
bovine POF, in vitro NGF treatment induced proliferation of theca cells [10] that luteinize to 
become SLC [44], providing a logical explanation for the observed increase in SLC number. 
Consistently, LH signaling is required to maintain normal expression of Star and 3β-hsd genes and 
progesterone synthesis in the ruminant CL [42,46]. Treatment with NGF tended to increase CL 
diameter, which may be explained by increased SLC number and is consistent with another report 
in heifers [3]. In contrast, CL diameter did not change in beef cows treated with purified NGF [4]. 
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It is likely that ultrasound may not be sensitive enough to pick up subtle changes in CL size, and 
perhaps the changes are more evident in heifers than in cows.  
In conclusion, the current study confirmed the finding that NGF, purified from bull seminal 
plasma, is luteotrophic in Holstein heifers. In contrast to llamas, the luteotrophic effect in heifers 
is not attributed to changes in vascularity of the POF and CL. On the contrary, it appears that NGF 
interacts directly with the pre-ovulatory follicle to increase theca cell proliferation, leading to an 
increased number of SLC in the subsequent CL. The increased SLC population enhanced systemic 
progesterone levels in heifers from days 10 to 12 through increased Star and 3β-hsd expression in 
the CL. Future work is needed to evaluate whether NGF interacts with the hypothalamus or anterior 
pituitary in cattle to better understand its luteotrophic properties in spontaneously ovulating 
species. 
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5.7 Tables and Figures 
Table 7. List of genes and primers used for quantitative real-time PCR 
Target genes and abbreviations NCBI Sequence Primer    Primer Sequence 
































17α-hydroxylase/17-20 lyase (Cyp17a1) NM_174304 Forward 
Reverse 
   5’-TGTGGCCCCTACGCTGAT-3’ 
   5’-CGCCAATGCTGGAGTCAAT-3’ 
Aromatase (Cyp19a1) NM_174305 Forward 
Reverse 
5′-GTCCGAAGTTGTGCCTATTGCCAGC-3′  
5′- CCTCCAGCCTGTCCAGATGCTTGG -3′ 


























Table 8. Relative mRNA expression of angiogenic and steroidogenic enzymes in the corpus luteum of heifers treated systemically with NGF 
(250 μg) or phosphate-buffered saline (control). Data are presented as mean ± SEM. 
 
 
Control NGF  P-value 
Gene names and abbreviations Day 9 Day 14 Day 9 Day 14  
17α-hydroxylase/17-20 lyase (Cyp17a1) 0.06 ± 0.02 0.04 ± 0.02 0.02 ± 0.01 0.01 ± 0.00 0.28 
Aromatase (Cyp19a1) Undetected  Undetected  N/A 
Estrogen receptor alpha (Esr1) 0.30 ± 0.15 0.35 ± 0.13 0.32 ± 0.09 0.20 ± 0.10 0.65 
Fibroblast growth factor 2 (Fgf2) 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.41 
Prostaglandin E synthase (Pges) 0.22 ± 0.06 0.18 ± 0.07 0.18 ± 0.09 0.07 ± 0.02 0.03 
Prostaglandin E receptor (Pger) 0.09 ± 0.03 0.06 ± 0.03 0.08 ± 0.06 0.01 ± 0.00 0.07 
Vascular endothelial growth factor A isoform 121 (Vegfa121) Undetected  Undetected  N/A 







Figure 12. Power Doppler ultrasonography image of the pre-ovulatory follicle (A) and corpus 
luteum (B) in heifers treated with purified bovine NGF (250 μg) or phosphate-buffered saline 





Figure 13. (A) A MC8.0MHz transducer was used for the transvaginal placement of the 60 cm 
long biopsy needle. (B) The biopsy needle contained a specimen notch (20 × 1 × 0.5 mm) covered 
by an 18-gauge cutting cannula triggered with an automated spring-loaded device. (C) When the 
ovary was positioned transrectally against the vaginal wall and transducer face, the inner needle 
was advanced into the corpus luteum. Once the needle was visualized on the ultrasound and 
determined to be in the correct position, the spring-locked cutting cannula was fired, cutting off a 
section of tissue within the specimen notch and enclosing it within the covering of the outer 




Figure 14. Line graphs demonstrating changes over time in pre-ovulatory dynamics of heifers 
treated with NGF (250 μg) or phosphate-buffered saline (control). (A) There was a main effect of 
treatment on follicle diameter (P = 0.02). (B) Percentage of follicle vascular area was not affected 
by NGF treatment (P = 0.16). (C) Serum estradiol concentrations were also not affected by NGF 





Figure 15. Graphs demonstrating changes over time in post-ovulatory dynamics of heifers treated 
with NGF (250 μg) or phosphate-buffered saline (control). (A) There a tendency towards a 
treatment effect on corpus luteum (CL) diameter (P = 0.10). (B) Percentage of CL vascular area 
was not affected by NGF treatment (P = 0.20). (C) Serum progesterone concentrations increased 
over time (P < 0.01), with increased concentrations observed in NGF-treated over control heifers 




Figure 16. Bar graphs and representative hematoxylin & eosin stained histological slides 
demonstrating increased percentages of small luteal cells over large luteal cells in the corpus 
luteum of heifers treated with 250 μg NGF versus phosphate-buffered saline (control; P < 0.01). 






Figure 17. Relative abundance of LH receptor (Lhcgr) and oxytocin (Ot) gene expression from 
the corpus luteum of heifers treated with NGF (250 μg) or phosphate-buffered saline (control). (A) 
There was a tendency for Lhcgr to be increased on both days 9 and 14 in NGF-treated heifers (P 
= 0.09), suggesting increased small luteal cell numbers. (B) There were no differences between 
treatment groups on Ot expression (P = 0.15), suggesting no changes in large luteal cell number 




Figure 18. Relative abundance of steroidogenic enzyme gene expression from the corpus luteum 
of heifers treated systemically with NGF (250 μg) or phosphate-buffered saline (control). (A) 
NGF-treated heifers had increased Star expression compared to control heifers (P = 0.04). (B) 
There was no difference in Cyp11a1 expression between treatment groups (P = 0.12). (C) NGF-
treated heifers had increased expression of 3β-hsd over control heifers (P = 0.05). (D) There was 
a tendency for 17β-hsd expression to be decreased at day 9 and increased at day 14 in NGF-treated 
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Biology of Nerve Growth Factor-β Production in the Bull1 
6.1 Abstract 
Nerve growth factor-β (NGF) is a seminal plasma protein that regulates sperm physiology 
in bulls, yet its production and association with fertility are not fully understood. The objective of 
this study was to describe NGF distribution in the bull accessory sex glands, quantify its seminal 
plasma concentrations, and determine its association with sire conception rates. Accessory sex 
glands (ampulla, bulbourethral, prostate, vesicular glands) were harvested post-mortem from 
mature bulls (n = 3). Tissue samples were frozen for quantitative PCR and formalin-fixed for 
immunohistochemistry. Seminal plasma was collected in fractions (pre-ejaculate vs. sperm-rich) 
by electroejaculation from Angus cross (n = 42) and Holstein (sperm-rich fraction only; n = 10) 
bulls. Holstein (n = 76) and Jersey (n = 14) bulls were collected by artificial vagina, and those with 
available sire conception rate scores were allocated to two categories: (1) negative/0 deviations (n 
= 15); or (2) positive deviations (n = 45). Enzyme-linked immunoassay was used to measure 
seminal plasma NGF concentrations. Relative Ngf gene expression was highest in the vesicular, 
intermediate in the ampulla, and lowest in the prostate and bulbourethral glands (P ≤ 0.03). Highest 
intensity of NGF staining was detected in the ampulla and vesicular glands (P < 0.05). 
Concentrations of NGF were higher in the sperm-rich fraction than in the pre-ejaculate and higher 
in samples collected by artificial vagina (P < 0.01). Seminal plasma NGF concentrations were 
higher in bulls with positive sire conception rate deviations than those with negative/0 deviations 
(P = 0.05). This study determined that NGF is produced in the ampulla and vesicular glands of 
                                                 
1Reprinted, with permission, from J. Stewart et al. Nerve Growth Factor-β production in the bull: gene expression, 
immunolocalization, seminal plasma constitution, and association with sire conception rates. Animal Reproduction 
Science 2018; 197: 335-342. 
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bulls and is secreted into the sperm-rich fraction of the ejaculate. The positive association of NGF 
with bull fertility warrants further investigation to determine its potential uses in advanced 
reproductive techniques. 
6.2 Introduction 
Seminal plasma proteins play an important role in enhancing bull fertility [1–3]. Nerve 
growth factor-β (NGF) is a protein present in bull seminal plasma that regulates sperm physiology 
[4]. Interestingly, NGF also alters ovarian function [5,6], improves corpus luteum development 
[5,7], and enhances markers of conceptus development [7] when administered systemically to 
cows or heifers. Collectively, these findings suggest that NGF may have several mechanisms by 
which it can affect reproductive success. The role of seminal plasma proteins, such as NGF, in 
regulating fertility is of special relevance to the cattle industry where artificial insemination has 
been extensively used to advance genetic selection of desirable traits such as milk production and 
meat quality [8]. Historically, bull semen cryopreservation studies have focused on developing the 
most suitable semen freezing methods and extenders and determining the minimal effective 
breeding dose, while overlooking the effects that semen processing may have on seminal plasma 
protein concentrations [9]. When processing semen for cryopreservation, samples are extended, 
which may dilute out seminal plasma proteins to sub-physiologic levels and contribute to lower 
fertility [10–12]. Therefore, there is a need to obtain data regarding the role of NGF in the bull 
reproductive tract. 
Ejaculated bovine sperm have NGF-immunoreactivity in the head and tail, and its tyrosine 
kinase A receptor (TrkA) is localized in the acrosomal cap, nucleus, and tail regions [4]. In addition 
to several other proteins, sperm Ngf mRNA abundance in bulls was strongly associated with 
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positive sire conception rates [13]. More recently, seminal plasma Ngf mRNA expression was 
found to be positively associated with the maintenance of post-thaw functional membrane integrity 
in bull sperm, suggesting that it could be used to assess cryotolerance [14]. Another study reported 
higher spermatozoa Ngf expression in good semen-producing (<25% discarded ejaculates) versus 
poor semen-producing (>40% discarded ejaculates) bulls, though no correlation with field 
conception rates was detected [15]. Relative spermatozoa Ngf expression levels were also 
positively associated with pre-freeze mitochondrial membrane potential and post-thaw sperm 
velocity parameters in Bos taurus bulls [15]. Based on these findings, it seems that NGF might be 
a suitable protein for improving sperm cryopreservation in bulls. Interestingly, abundance of some 
seminal plasma proteins differ when semen is collected by electroejaculation versus artificial 
vagina, which are both commonly used collection methods in bulls (Rego et al., 2015). Therefore, 
more data are needed regarding normal production and secretion of NGF into the seminal plasma 
and its association with bull fertility traits. 
There is limited information available regarding the production of NGF in bull seminal 
plasma. Early studies using biological assays reported moderate levels of NGF in the prostate 
[16,17] and high levels in the vesicular glands [18] in bulls. In llamas, where seminal plasma NGF 
is highly concentrated and essential for inducing ovulation [19,20], its distribution was strongly 
localized to the mucosal prostatic cells [21]. Concentrations of NGF in the seminal plasma of bulls 
is reportedly less than in llamas [6], indicating that there are significant species variations that need 
to be investigated. The objectives of the current study were to (1) describe the distribution of NGF 
production in bovine accessory sex glands; (2) quantify NGF secretion into the seminal plasma; 
and (3) determine if NGF concentrations are associated with sire conception rates or breeding 
soundness parameters in bulls. 
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6.3 Materials and Methods 
6.3.1 Animal care and use 
All experimental procedures carried out in the present study were approved by the 
Institutional Animal Care and Use Committees of the University of Illinois at Urbana-
Champaign (Protocol #15201). 
6.3.2 Accessory sex gland harvest 
Accessory sex glands (ampulla, bulbourethral, prostate, and vesicular glands) were 
harvested opportunistically from three bulls euthanized at the University of Illinois Veterinary 
Teaching Hospital. Bull 1 was a 4-year-old Holstein bull euthanized after diagnosis of cecal 
dilation and torsion on exploratory surgery. Bull 2 was a 4-year-old Angus cross bull euthanized 
due to lameness from tenosynovitis and arthritis. Bull 3 was a 3.5-year-old Angus bull euthanized 
due to lameness from suspected radial nerve damage. All tissues were obtained within an hour of 
euthanasia. Tissue samples from each gland were flash-frozen in liquid nitrogen, submerged in 
RNA-later (Invitrogen) and frozen the next day, or fixed in 10% formalin. Frozen samples were 
maintained at −80°C until analyses. 
6.3.3 Extraction of RNA and RT-PCR  
Total RNA extraction from accessory sex glands was carried out using TRIzol (Molecular 
Research Center, Inc.) as previously described [1]. Extraction of RNA was conducted according 
to the manufacturer's recommendations (PureLink RNA Mini Kit, Invitrogen). Isolated RNA was 
evaluated for concentration and purity using a NanoDrop One Spectrophotometer (Thermo Fisher 
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Scientific). A total of 1 mg of mRNA was used to synthesize complementary DNA using a 
commercial kit (High-capacity cDNA Reverse Transcription Kit, Cat. No. 4368814, Applied 
Biosystems). Complementary DNA was used for quantitative real-time reverse transcription PCR 
using a 7500 Real-Time PCR Detection System (Applied Biosciences) with iTaqTM Universal 
SYBR® Green Supermix (Bio-Rad Laboratories, Inc.). The expression value of each gene, nerve 
growth factor-β (Ngf) and tyrosine kinase A (Trka), was normalized to the amount of an internal 
control gene (glyceraldehyde-3-phosphate dehydrogenase, Gapdh) to calculate a relative amount 
of RNA in each sample. The expression value of each gene in a WT control was arbitrarily defined 
as 1 U. All assays were carried out in duplicate for each target mRNA. A relative quantitative fold 
change was determined using the ΔΔCt method. Primer sequences are summarized in Table 9 [22]. 
6.3.4 Immunohistochemistry 
Distribution of NGF were assessed in accessory sex gland tissues using standard 
immunohistochemistry staining. Each of the tissues samples was embedded in paraffin, cut in 4-
µm sections, and mounted on slides. After deparaffinization, the slides were pretreated with a 
commercial heat induced antigen retrieval reagent (Diva decloaker DV 2004; Biocare Medical). 
After rinsing with buffer (TBS Auto Wash Buffer TWB945M; Biocare Medical), the slides were 
then placed on the Biocare IntelliPath automated staining platform and incubated with a stable 
hydrogen peroxide solution for 5 minutes at room temperature to block endogenous peroxidase 
(Peroxidazed 1, PX968). Following washing, tissues were incubated with a universal blocking 
reagent (Background Punisher, BP974) for 10 minutes to reduce nonspecific antibody binding. 
After blocking, a primary anti-NGF rabbit polyclonal antibody (NBP2-19536; Novus Biologicals 
LLC) was applied at 1:500 dilution for 30 minutes. Negative controls were incubated without 
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primary antibody. Slides were then washed with buffer and incubated with a secondary antibody 
conjugated to a HRP polymer (Rabbit-on-FARMA HRP-Polymer, BRR4009) for another 30 
minutes. Following washing, slides were incubated with a 3, 3’ Diaminobenzidine (DAB) 
peroxidase chromogen solution for 5 minutes, which causes conversion from colorless substrate 
to a brown product in areas where the antibody bound the target protein (NGF). Slides were 
subsequently counterstained with hematoxylin for 5 minutes to stain the nucleus of the cells. 
Bovine cerebellum was used as a positive control [23].  
Slides were evaluated with a phase contrast microscope, and four images from each gland 
from each bull were saved at 200× magnification. Images were obtained such that a representative 
portion of the duct was included in each image. Percentage and intensity of positive staining were 
measured from each image using the IHC Profiler plugin in ImageJ [24]. This software describes 
the percentage contribution of high, moderate, and low intensity positive and negative DAB 
staining within an image. The average scores for the four images within each gland and bull were 
calculated.  
6.3.5 Semen collection and breeding soundness evaluation 
University of Illinois-owned Angus cross bulls (n = 42; mean age: 3.25 ± 0.3 y) and 
privately-owned Holstein bulls (n = 10; mean age: 4.2 ± 0.5 y) were subjected to breeding 
soundness examinations with semen collected by electroejaculation. All bulls were in adequate 
body condition. The Angus cross bulls were collected in October of 2017, and the Holstein bulls 
were collected in April of 2018. A 60 or 75 mm upright weighted bull probe was placed rectally 
to allow for stimulation using a commercial electroejaculation unit (Pulsator IV, Lane 
Manufacturing, Inc.). For the Angus cross bulls, both the pre-ejaculate and sperm-rich fractions of 
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the ejaculate were collected separately as determined by visual opacity of the sample (clear = pre-
ejaculate; cloudy = sperm-rich fraction). Only the sperm-rich fraction was collected in the Holstein 
bulls. At time of collection, aliquots of each fraction were immediately plunged in liquid nitrogen 
and stored at −80°C until analysis. An aliquot of the sperm-rich fraction from each bull was 
evaluated on site for mass motility using light microscopy at 100× and classified as very good 
(rapid swirling), good (slow swirling), fair (movement, but no swirling), or poor (no movement). 
An aliquot of the sperm-rich fraction from each bull was also fixed in 10% formalin for 
morphological analysis. One clinician evaluated 100 sperm cells from each sample under 1000× 
magnification with a phase contrast microscope, classified each sperm cell as normal or abnormal, 
and further defined abnormalities as primary or secondary defects [25,26]. Bulls were classified 
as satisfactory or unsatisfactory using parameters defined by the Society for Theriogenology [26]. 
6.3.6 Semen collection and sire conception rate 
An aliquot (200 µL) of semen was obtained from 90 dairy bulls (n = 76 Holstein, mean 
age: 1.8 ± 0.1 y; n = 14 Jersey, mean age: 1.7 ± 0.3 y) collected via artificial vagina at a commercial 
bull stud facility in February of 2016 (Select Sires, Plain City, Ohio). Samples were immediately 
plunged in liquid nitrogen and stored at −80°C until analysis. Sire conception rates (SCR) scores 
were available for 53 Holstein and 7 Jersey bulls. The SCR is an estimate of AI service-sire fertility 
from outcome (pregnant or not) after ~300 services (mean 3,311 ± 565 services) and is reported 
as a sire’s fertility deviation (−4 to +4) from the average fertility of a population [27]. Based on 
the scores obtained, bulls from the current study were allocated to two categories: (1) negative/0 




6.3.7 Enzyme-linked immunoassay 
Upon thawing, all ejaculates were centrifuged at 5,000 × g for 10 minutes to separate the 
seminal plasma from sperm pellet. The supernatant was harvested and diluted to an appropriate 
concentration with phosphate buffered saline. An enzyme-linked immunoassay kit (ELISA 
Duoset, #DY256; R&D Systems, Inc) developed to detect human β-NGF, which has ~93% 
homology with bovine NGF [28], was used to measure the concentrations of NGF in the seminal 
plasma of each bull as previously described [29]. The lower limit of detection of this assay was 
31.3 pg/mL. Samples were measured in duplicate according to the manufacturer. The assay was 
validated for bovine by assessing the ability of serial (1:1) seminal plasma dilutions to generate 
displacement curves parallel to that of ELISA standard recombinant human β-NGF. Intra-assay 
CV was measured to be ~7%. 
6.3.8 Statistical analysis 
Data are presented as percentage mean ± SEM. All statistical analyses were performed 
using R Version 3.4.3 (https://www.r-project.org/). Normality was confirmed using a Shapiro-
Wilk test of the residuals. Non-normal data was transformed using Tukey’s Ladder of Powers. If 
transformation did not result in a normalized population, a Kruskal-Wallis rank sum test was 
performed. Analysis of variance was applied to parametric data using a general linear mixed 
model, and a Tukey HSD test was performed as needed for post-hoc analysis. Pearson’s correlation 
coefficient test was used to evaluate associations. Coefficient of correlations were defined as 
strong (r ≥ 0.60), moderate (0.35 ≤ r <0.60), and low correlation (r < 0.35). Significance was 




6.4.1 Localization of NGF and its receptor in the accessory sex glands 
Relative Trka mRNA expression did not differ between glands (P = 0.96; Fig. 19B). On 
the contrary, relative Ngf mRNA expression was highest in the vesicular gland, intermediate in the 
ampulla, and lowest in the prostate and bulbourethral glands (P ≤ 0.03; Fig. 19A). On 
immunohistochemistry staining for NGF, total percentage of negative stained area at 200× did not 
differ between glands (P = 0.19; Table 10). Total percentages of moderate and high intensity 
positive stained areas were highest in the ampulla and vesicular glands, whereas the total 
percentage of low intensity positive stained area was highest in the prostate gland (P < 0.01; Table 
10). There was a strong correlation between positive NGF staining intensity and relative Ngf gene 
expression (r = 0.62; P = 0.03). Immunostaining, regardless of intensity, appeared to be localized 
mostly to the apical side of glandular cells in all glands, with some staining observed in the lumen 
of the vesicular glands (Fig. 20). 
6.4.2 NGF concentrations and breeding soundness evaluation 
The pre-ejaculate in the Angus cross bulls contained lower NGF concentrations (0.06 ± 
0.03 µg/mL) compared to the sperm-rich fraction (7.2 ± 0.8 µg/mL; P < 0.01). Based on this data, 
we elected to evaluate the sperm-rich fraction only in the Holstein bulls collected by 
electroejaculation. The NGF concentrations in the sperm-rich fraction were higher in the Angus 
cross than in the Holstein bulls collected by electroejaculation (P < 0.01; Table 11). There was no 
correlation between age and seminal plasma NGF concentrations (r < 0.2; P > 0.05). All Holstein 
(10/10) and 66% (27/41) Angus cross bulls were classified as satisfactory potential breeders based 
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on criteria for breeding soundness established by the Society for Theriogenology (>70% normal 
sperm morphology AND >30% motility) [26]. Bulls not classified as satisfactory failed due to high 
percentages of sperm morphology defects. Due to the differences between breeds, breeding 
soundness parameters were assessed in the Angus cross bulls only. Satisfactory bulls had lower 
NGF concentrations in their pre-ejaculate (37 ± 16 ng/mL) than unsatisfactory bulls (105 ± 72 
ng/mL; P < 0.01). There were no differences in NGF concentrations of the sperm-rich fraction 
between satisfactory (7.0 ± 9.3 µg/mL) and unsatisfactory bulls (7.8 ± 14 µg/mL; P=0.90). 
Additionally, there were no differences in NGF concentrations of pre-ejaculate or sperm-rich 
fractions based on motility classification (P ≥ 0.53). However, the percentage of primary sperm 
defects was strongly correlated with NGF concentrations in the pre-ejaculate (r = 0.60; P < 0.01) 
and had low correlation with NGF concentrations in the sperm-rich fraction (r = 0.28; P = 0.07).  
6.4.3 NGF concentrations and sire conception rates 
Holstein bulls had similar seminal plasma NGF concentrations as Jersey bulls when 
collected by artificial vagina (P = 0.99; Table 11). Holstein bulls collected by electroejaculation 
had lower seminal plasma NGF concentrations than those collected by artificial vagina (P < 0.01; 
Table 11). For sire conception rate deviations, bulls in the NEG category (n = 15; 4.1 ± 0.5 µg/mL) 
had lower seminal plasma NGF concentrations than those in the POS category (n = 45; 5.3 ± 0.4 
µg/mL; P = 0.05).  
6.5 Discussion 
The current study is the first to compare NGF distribution amongst the accessory sex glands 
of bulls using both quantitative gene expression and immunohistochemistry. Relative gene 
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expression in the current study indicated that Ngf mRNA is highest in the vesicular gland and 
intermediate in the ampulla, with low expression in the bulbourethral and prostate glands. Our 
immunohistochemistry findings are consistent with others that observed highest NGF staining 
intensity in the ampulla and vesicular glands in the bull [30,31]. Consistently, there were low to 
moderate amounts of NGF staining intensity in the prostate and bulbourethral glands [31]. These 
findings are also in agreement with previous studies in bulls that reported moderate levels of NGF 
in the prostate [16,17] and high levels in the vesicular glands [18] using biological assays. 
Interestingly, NGF is strongly localized to the prostate gland in llamas [21,31] and rabbits [32], 
both of which are induced ovulators. Since llamas lack a vesicular gland, the observation that 
vesicular and ampulla glands, rather than the prostate, are the major contributor of this protein in 
bulls is likely a manifestation of differing anatomy across species [19,20].  
The seminal plasma in the sperm-rich fraction of the bull ejaculate is the most abundant 
source of NGF when compared to the pre-ejaculate fraction. It is worth mentioning that since the 
seminal plasma was flash-frozen prior to removing spermatozoa, the lysed cells may have 
contributed additional sperm-bound NGF to the sperm-rich fraction. Nevertheless, this finding 
suggests that the vesicular gland and ampulla are major contributors of NGF compared to the 
prostate and bulbourethral glands. An earlier study found that the pre-ejaculate fluid produced 
during sexual preparation is mostly prostatic and bulbourethral in origin, whereas the sperm-rich 
fraction contains fluid primarily from the vesicular gland, ampulla, and epididymides [33]. Though 
we did not evaluate the contribution from the epididymis, previous work reported little to no NGF 
immunoreactivity in the epithelium or lumen of the bull epididymis, suggesting minimal 
contribution to the seminal plasma [31]. The secretion of NGF into the sperm-rich fraction of the 
bull ejaculate is likely another species-specific manifestation related to its function. While bulls 
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copulate within a matter of seconds, copulation lasts around 30 minutes in llamas, with sperm 
ejection not occurring until after 5 to 10 minutes [34]. Since llamas undergo multiple emissions 
and ejaculations during this prolonged copulation period, continuous secretion into any portion of 
the ejaculate will allow for NGF to exert its ovulation-inducing role within the female reproductive 
tract [19,29,35]. On the contrary, concentration of NGF into the sperm-rich fraction of the bull 
allows for it to enter the female reproductive tract and influence ovulation and corpus luteum 
formation [5–7].  
It is interesting that higher pre-ejaculate NGF concentrations were found in bulls deemed 
unsatisfactory breeders than those classified as satisfactory in this study. The positive association 
between NGF concentrations in the pre-ejaculate and the percentage of primary sperm defects 
seems to have contributed to this association. Since primary sperm defects occur from insults to 
spermatogenesis, it is unlikely that the higher NGF concentrations directly caused the sperm 
abnormalities observed. It is possible that the time to ejaculation may have been prolonged in these 
bulls, increasing the amount of pre-ejaculate produced, though the procedures were not timed to 
confirm this notion. Additionally, the cause of the spermatogenesis insult could also have caused 
a dysregulation in NGF secretion into the pre-ejaculate. Primary sperm defects can result from 
either prolonged environmental stressors or disruption in testosterone production [36]. Similarly, 
the secretory activity of accessory sex glands are largely influenced by testosterone in bulls 
[37,38]. Interestingly, there was only a low correlation between primary sperm defects and NGF 
concentrations in the sperm-rich fraction, suggesting that a potential dysregulation primarily 
occurs during the pre-ejaculatory phase. Further studies are needed to determine if testosterone or 
other factors may be involved in influencing NGF production and secretion in the bull and how it 
relates to semen quality.  
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Seminal plasma concentrations of NGF were lower in Holstein bulls collected by 
electroejaculation than those collected by artificial vagina. This finding may be related to the 
stimulation of more prostatic and bulbourethral gland secretions by the electrical stimulus, causing 
a dilution effect. In contrast, electroejaculation increased the abundance of several seminal plasma 
proteins of accessory sex gland origin in Brahman bulls [39]. Many of the proteins evaluated in 
this previous study were suspected to be prostatic in origin and may explain the discrepancy 
observed.  Interestingly, the seminal plasma concentrations of NGF in the Angus cross bulls 
collected by electroejaculation were highest out of all of the other groups. However, this was the 
only group of bulls collected in the fall, which may have contributed to the difference. Seasonal 
changes in Ngf mRNA expression has been reported in the reproductive tract of both male and 
female ground squirrels [40,41]. Though bulls are not considered seasonal species, studies have 
reported seasonal fluctuations in testosterone production [42–44], which could correspond with 
changes in seminal plasma composition. Interestingly, in three separate proteomic studies using 
Holsteins, Bos taurus, and Bos indicus bulls, only 22 out of hundreds of proteins identified in bull 
seminal plasma overlapped [45–47]. Collectively, these findings all suggest that there could be 
variation in seminal plasma NGF concentrations based on species, breed, age, season, and or 
sampling techniques. While there were differences in age between the collection groups in the 
current study, we found no correlation with seminal plasma NGF concentrations. There is, 
therefore, a distinct need to evaluate each of these factors separately to better understand the 
biology of NGF production within the bull. 
Low relative gene expression of the NGF receptor, Trka, throughout the four accessory sex 
glands suggests that NGF has minimal direct influence on accessory sex gland function in the bull. 
Instead, NGF likely exhibits most of its effects on the spermatozoa or within the female 
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reproductive tract. Ejaculated bovine sperm have NGF-immunoreactivity localized to the sperm 
head and tail and its receptor (TrkA) in the acrosomal cap, nucleus, and tail regions [4]. In addition 
to several other proteins, sperm Ngf mRNA abundance in bulls was strongly associated with 
positive sire conception rates [13], which is attributed to its direct effects on sperm membrane 
integrity [4]. Seminal plasma Ngf mRNA expression was found to be positively associated with 
the maintenance of post-thaw functional membrane integrity in bull sperm, suggesting a role in 
improving fertility in bulls collected for cryopreservation and artificial insemination [14]. 
Consistently, we observed an association between seminal plasma NGF concentrations and 
positive sire conception rates in bulls collected by artificial vagina. Further identified roles for 
NGF include increasing expression of FSH and LH receptors in bovine oviduct epithelial cells [22] 
and enhancing CL function in heifers and cows [5,7]. Collectively, these studies suggest that the 
beneficial role of NGF on sire conception rates acts through both its effects in the male and female 
reproductive tracts and warrants further investigation.  
In conclusion, this study confirms that NGF production and secretion occurs primarily in 
the ampulla and vesicular glands of the bull. Consistently, NGF is secreted primarily into the 
sperm-rich fraction of the ejaculate and is positively associated with sire conception rates. Pre-
ejaculate NGF concentrations are positively correlated with percentage of primary sperm defects 
and may be a potential marker for dysregulation of spermatogenesis. Further studies are needed to 
determine what factors (season, testosterone production, stressors) may influence both 
spermatogenesis and accessory sex gland function to better understand this relationship. Likewise, 
future studies aimed at determining the roles of NGF on both cryopreservation of semen and within 
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6.7 Tables and Figures 
 
Table 9. Primer reference and sequences for gene expression of nerve growth factor-β (Ngf) and its receptor, tyrosine kinase A (Trka), 
investigated by quantitative PCR in bull accessory sex glands. 
 
Gene Accession Number Primer Sequence Length 
Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) NM_001034034.2 5’-GGCGCCAAGAGGGTCAT-3’ 
5‘-GGTGGTGCAGGAGGCATT-3’ 
120 
Nerve growth factor-β (Ngf) NM_001099362.1 5’-TCAACAGGACTCACAGGAGCAA-3’ 
5‘-ACCTCTCCCAGCACCATCAC -3’ 
151 







Table 10. Percentage of high, moderate, and low intensity positive and negative NGF IHC staining (mean ± SEM) in the ampulla, 
bulbourethral (BBG), prostate, and vesicular (VG) glands at 200×. Differing letters denote differences between glands (P < 0.05). 
 
 
% High Positive  % Moderate Positive % Low Positive % Negative 
Ampulla 0.27 ± 0.13a 30 ± 10a 36 ± 4.6a 34 ± 5.8 
BBG 0.07 ± 0.00b 13 ± 3.3ab 46 ± 2.6b 39 ± 2.0 
Prostate 0.08 ± 0.00b 6.1 ± 1.3b 59 ± 2.2c 35 ± 3.3 







Table 11. Differences in seminal plasma NGF concentrations (mean ± SEM) based on bull breed and semen collection method. 
Differing letters denote differences between groups (P < 0.05). 
 
Bulls Age (y) Collection method Season NGF concentration (µg/mL) 
Angus cross (n = 42) 3.3 ± 0.3 Electroejaculation Fall 7.19 ± 0.78a 
Holstein (n = 10) 4.2 ± 0.5 Electroejaculation Spring 0.73 ± 0.10b  
Holstein (n = 76) 1.8 ± 0.1 Artificial vagina Spring 5.19 ± 0.27c 





Figure 19. Relative mRNA expression of nerve growth factor-β (Ngf) and its receptor, tyrosine 
kinase A (Trka), in the ampulla, bulbourethral (BBG), prostate, and vesicular (VG) glands. 





Figure 20. Representative immunolocalization of NGF in bull reproductive organs evaluated at 
20×. A) Strong immunoreaction is localized on the apical side of the glandular cells of the ampulla. 
B) Low to moderate positive immunostaining localized in the bulbourethral glandular cells. C) 
Low to moderate positive immunostaining localized in the prostate glandular cells. D) Strong 
immunoreaction is localized on the apical side of the glandular cells of the vesicular gland. Positive 
staining also appears within the lumen.  E) NGF stained cells in Purkinje cells of cerebellum used 
as positive control. F) Negative control, in which the primary antibody was omitted, showing lack 
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Effects of Nerve Growth Factor-β Supplementation on Cryopreservation of Electro-
ejaculated and Epididymal Harvested Bull Semen 
7.1 Abstract 
Nerve growth factor-β (NGF) is a seminal plasma protein associated with improved sperm 
membrane integrity and motility in mammalian species. The objective of this study was to compare 
post-thaw semen quality from ejaculated and epididymal-harvested bull sperm incubated with 
purified NGF prior to cryopreservation. Semen was obtained from Angus × Simmental crossbred 
bulls (n = 10) collected by electroejaculation, followed by castration and epididymal sperm harvest 
3 days later. Samples were pre-extended with a commercial extender, and sperm motility was 
assessed using computer-aided sperm analysis. Each sample was divided into one of four 
treatments to achieve a final NGF concentration of 0 ng/mL (CONT), 0.5 ng/mL (LOW), 5 ng/mL 
(MED), or 50 ng/mL (HIGH). Semen was frozen manually in 0.5-mL straws. Frozen straws were 
thawed and incubated at 37°C for post-thaw motility assessment in 30 min intervals for 4 h. 
Samples were stained with fluorescent probes for evaluation of sperm viability (SYBR-14/PI), 
acrosomal integrity (FITC-PNA/PI), and chromatin stability (acridine orange) using flow 
cytometry. Kruskal-Wallis rank sum test and ANOVA were used for statistical analyses, with 
significance set at P < 0.05. Post-thaw sperm motility and velocity parameters were decreased, 
while linearity (LIN) was increased in HIGH versus CONT ejaculated samples (P < 0.01), but no 
differences were observed in epididymal samples (P = 0.22). HIGH ejaculated samples also 
exhibited a lower amplitude of lateral head displacement (ALH) at 2.5 and 3 h post-thaw (P < 
0.01). Post-thaw viability, acrosome integrity, and DNA fragmentation index were not affected by 
NGF treatment in either ejaculated or epididymal sperm (P ≥ 0.15). In conclusion, treatment with 
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NGF did not significantly improve cryotolerance of sperm collected by electroejaculation or 
epididymal harvest in bulls. Supplementation of extender with high concentrations of NGF 
decreased post-thaw curvilinear velocity and ALH and increased LIN, which may suggest a role 
in preventing premature sperm hyperactivation and capacitation. Though the current study does 
not support a role of NGF in improving sperm cryotolerance, further studies should address the 
effects it may have on fertility within the female reproductive tract. 
7.2 Introduction 
Several studies have demonstrated an association between seminal plasma proteins and 
bull fertility [1–4]. The role of seminal plasma proteins in regulating fertility is of special relevance 
to the cattle industry where artificial insemination has advanced genetic selection of desirable traits 
such as milk production and meat quality [5]. Historically, bull semen studies have focused on 
improving semen freezing techniques and determining the minimum effective breeding dose for 
artificial insemination, while overlooking the effects that semen processing and freezing may have 
on seminal plasma protein functions [6]. Though early studies identified nerve growth factor-β 
(NGF) in the seminal plasma of bulls [7,8], little is known regarding its function in bovine 
reproduction. Seminal plasma NGF has been implicated as a signaling molecule in the female 
reproductive tract with potential roles in increasing expression of gonadotropin receptors in bovine 
oviduct epithelial cells [9] and enhancing corpus luteum function in heifers [10] and cows [11,12].  
In addition to several other proteins, sperm Ngf mRNA abundance in bulls was strongly 
associated with positive sire conception rates [13], which was attributed to beneficial effects of 
NGF on sperm membrane integrity [14]. An immunolabelling study of ejaculated bovine sperm 
revealed that NGF was localized to the sperm head and tail, while its tyrosine kinase A receptor 
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(TrkA) was present in the acrosomal cap, nucleus, and tail regions [14], suggesting that NGF may 
play a physiological role on sperm function. Consistently, another study found that seminal plasma 
concentrations of NGF were also positively associated with sire conception rates [15]. Seminal 
plasma Ngf mRNA expression was also found to be positively associated with the maintenance of 
post-thaw functional membrane integrity in bull spermatozoa, suggesting that it could be used to 
assess cryotolerance [16]. Another study reported higher spermatozoal Ngf expression in good 
semen-producing (<25% discarded ejaculates) versus poor semen-producing (>40% discarded 
ejaculates) bulls, though no correlation between Ngf expression and field conception rates was 
detected [17]. Consistently, relative Ngf expression levels were also positively associated with pre-
freeze mitochondrial membrane potential and post-thaw sperm velocity parameters in Bos taurus 
bulls [17]. In both normozoospermic and asthenozoospermic men, supplementation of freezing 
extender with NGF at 0.5 ng/mL significantly improved sperm viability and motility and decreased 
DNA fragmentation [18,19]. Consistently, treatment of frozen-thawed bovine sperm cells with 40 
to 80 ng/mL NGF increased both leptin secretion and sperm membrane integrity [14].  
Recent studies assessing the distribution of NGF in the bull reproductive tract determined 
that it is mainly expressed in the accessory sex glands [15,20]. Since these glands are the main 
source of the seminal plasma [2] and epididymidal-harvested sperm is deprived of the secretions 
of these glands, this type of semen allows for some insights on the putative role of NGF of non-
ejaculated sperm. Freezing of epididymal semen is not typically performed in bulls, but in select 
cases of sudden death or injury of a genetically valuable bull, harvesting epididymal sperm for 
cryopreservation can be useful [21]. Based on all the aforementioned findings, it seems reasonable 
to suggest that NGF may be an optimal candidate protein to enhance sperm cryopreservation 
techniques in bulls. Thus, the objective of the current study was to compare post-thaw semen 
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quality from both ejaculated and epididymal-harvested bull sperm extended with final 
concentrations of 0 ng/mL (CONT), 0.5 ng/mL (LOW), 5 ng/mL (MED), or 50 ng/mL (HIGH) of 
NGF prior to cryopreservation. 
7.3 Materials and Methods 
7.3.1 Animal Care and Use 
Animals in this trial were cared for in accordance with guidelines in the Guide for the Care and 
Use of Agricultural Animals in Agriculture Research and Teaching [22]. All experimental 
procedures were reviewed and approved by the Institutional Animal Care and Use Committee at 
the University of Illinois in Urbana-Champaign. 
7.3.2 Animals 
Angus × Simmental crossbred bulls (n=10; age: 15.1 ± 0.05 m) were housed at the 
University of Illinois Beef Farm in Urbana, IL. Bulls weighed 585 ± 17 kg and had a body 
condition score of 5.8 ± 0.2 out of 9 using a previously validated scoring system [23]. A complete 
breeding soundness examination performed 30 days before enrollment in the experiment was 
unremarkable. Scrotal circumference was measured in cm using a scrotal tape measure placed 
around the widest portion on the scrotum. The average scrotal circumference was 40.5 ± 0.6 cm 
(range: 36 to 42 cm), which is in accordance with the criterion determined by the Society for 





7.3.3 Semen collection by electroejaculation 
All bulls were collected by electroejaculation. To obtain semen samples, a 60 mm upright 
weighted bull probe (Lane Manufacturing, Inc., Denver, CO) was placed rectally, and the 
programmed cycle on the electroejaculator (Pulsator IV, Lane Manufacturing, Inc.,) was used. If 
an appropriate ejaculate was not obtained, the electroejaculator cycle was run manually by an 
experienced clinician. Semen was collected into 15 mL conical tubes using collecting handles 
coupled with a disposal plastic cone. An aliquot of each ejaculate was formalin-fixed for 
morphological later analysis. The remainder of the sample was diluted with pre-warmed (37°C) 
Optixcell extender (IMV Technologies, Maple Grove, MN) at a 1:1 ratio and transported 
approximately 30 min later to the investigators’ laboratory in a 37°C water bath, where further 
processing and analyses were performed as described below.   
7.3.4 Epididymal sperm harvest 
 Three days after semen collection, all the bulls were castrated using a Newberry knife, an 
emasculator and ligature of the spermatic cord. A pudendal block and local anesthesia were 
performed with 40 and 20 ml of 2% lidocaine, respectively. To prevent pain post-castration, the 
bulls were administered flunixin meglumine (3.3mg/kg transdermal pour-on, Merck Animal 
Health, Madison, NJ) and then repeated as needed based on bull’s demeanor (i.e., depressed, off 
feed, laying down). Bull demeanor, food intake, rectal temperature, and surgical incision were 
monitored daily by the investigators with the help of the farm personnel. All the testicles were 
transported to the investigators’ laboratory within 30 min after castration.  One testicle from each 
bull was subjected to sperm harvest from the cauda epididymis. Briefly, the cauda epididymis was 
excised and removed from the testicle and body of the epididymis using a #10 scalpel. The cauda 
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epididymis was rinsed with saline and placed in a petri dish. A #10 scalpel was used to dissect the 
cauda epididymis, and ~10 mL Optixcell extender was used to flush the semen from the tubules. 
Once the cauda epididymis was determined to be thoroughly flushed, an aliquot of the pre-diluted 
semen was formalin-fixed for morphological analysis, while the remaining semen underwent 
further processing for motility analyses and cryopreservation. One bull was excluded from data 
analyses in the epididymal sperm harvest group due to extremely poor semen quality before 
cryopreservation (~4% overall motility). 
7.3.5 Semen analyses and cryopreservation 
Sperm concentration from each sample was measured using a NucleoCounter 
(ChemoMetec Inc., Bohemia, NY). Semen from each bull and collection were divided into one of 
four treatments to achieve a final sperm concentration of 40 million spermatozoa per mL and a 
final NGF concentration of 0 ng/mL (CONT), 0.5 ng/mL (LOW), 5 ng/mL (MED), or 50 ng/mL 
(HIGH). The NGF used was purified from bovine seminal plasma and used previously for in vivo 
studies in cows [11].  
Computer-aided sperm analysis (SpermVision, MiniTube of America, Inc., Verona, WI) 
was used to measure overall and progressive motilities in pre-freeze CONT samples using a phase-
contrast microscope with a heated (37ºC) stage (20×; Olympus BX41; Olympus Corporation, 
Center Valley, PA). Data were obtained by averaging motility measurements of a minimum of 500 
cells or seven fields from various portions of the slide. Output measurements used to describe 
sperm motion included average path velocity (VAP, µm/s), straight line velocity (VSL, µm/s), 
curvilinear velocity (VCL, µm/s), straightness of the average path (STR, %), linearity of the 
curvilinear path (LIN, %), wobble (WOB, %), amplitude of lateral head displacement (ALH, µm), 
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and beat cross frequency (BCF, number per second) [25]. CASA-established setup parameters 
were as follows per manufacturer defaults for bovine sperm: frame capture speed rate, 60 Hz; cell 
size (min/max), 18/60 µm2; threshold straightness, 50%; VAP cutoff, 56 µm/s; and VSL cutoff, 
28 µm/s.  
Immediately following the final dilution, the samples were manually loaded into 0.5-mL 
semen straws, sealed ultrasonically, and incubated in a cold room at 5°C for 3 to 5 h per 
manufacturer’s recommendation. Following incubation, straws were placed at 4 cm above the level 
of liquid nitrogen for 15 min and then submerged and stored in liquid nitrogen until post-thaw 
analysis. Straws were thawed in a water bath at 37oC for 1 min. The contents of each straw were 
dispensed into a 1.8 mL Eppendorf tube, homogenized and then incubated at 37°C for 4 h, while 
motility parameters were assessed every 30 min intervals. The remainder of each thawed straw 
was formalin-fixed for post-thaw morphological analysis. One clinician evaluated 100 sperm cells 
from each sample under 100× magnification with a phase contrast microscope, classified each 
sperm cell as normal or abnormal, and further defined abnormalities as primary or secondary 
defects, as previously described [24,26]. 
7.3.6 Fluorescent probes for sperm evaluation   
The flow cytometry assays used in the present study were performed according to protocols 
previously published [27–29]. Semen straws (40 million spermatozoa/mL) from each bull and 
treatment were thawed individually and subjected to each stain as described below. The 
LIVE/DEAD® Sperm Viability Kit (SYBR-14 and propidium iodide (PI) dyes; #L-7011) was 
purchased from Molecular Probes, Inc. (Eugene, Oregon). Fluorescein isothiocyanate-conjugated 
pea (Pisum sativum) agglutinin (FITC-PNA; #L-7381) was obtained from Sigma Chemical Co. 
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(Saint Louis, Missouri). Acridine orange, C.I. (#04539-500) was purchased from Polysciences, 
Inc. (Warrington, Pennsylvania). Dimethyl sulfoxide, anhydrous (DMSO; #D12345), triton X-100 
surfact-amps detergent solution (#85111), and phosphate-buffered saline (PBS, pH 7.4) (#10010-
023) were purchased from Thermo Fischer Scientific (Waltham, Massachusetts). All other 
chemicals used were reagent grade and purchased from Sigma Aldrich (St. Louis, Missouri). 
7.3.7 Assessment of sperm viability   
Sperm viability was assessed using a combination of SYBR-14 and propidium iodide (PI) 
based on the integrity of the sperm plasma membrane [29]. SYBR-14 was used as a membrane-
permeable DNA intercalating agent with maximum emission of 516 nm (green) and readily stains 
all nuclei. Propidium iodide was also used as an intercalating agent with maximum emission of 
617 nm (red), but it only stains the nucleus if the sperm plasma membrane is damaged which 
makes it a useful counterstain for dead cells. Briefly, stock solutions of SYBR-14 (0.02 mM in 
DMSO) and PI (2.4 mM in water) were prepared and frozen in aliquots at −20°C for subsequent 
use. Staining solution was prepared on the day of flow cytometry analysis by combining 5 µL 
SYBR-14 (0.02 mM) and 5 µL PI (2.4 mM) per mL of HEPES buffer (10 mM Hepes, 150 mM 
NaCl, 0.1% BSA, pH 7.4). Working concentrations of SYBR-14 and PI were 100 nM and 12 µM, 
respectively. Cryopreserved semen was thawed in a 37°C water bath for 1 min, and 25 µL of 
thawed semen was added to 0.5 mL staining solution to create a final concentration of 2 million 
spermatozoa per mL. The samples were mixed by reverse pipetting and subsequently incubated in 
the dark at 37°C for 10 to 15 min prior to flow cytometric analysis. 
Samples were analyzed using a Cytek Aurora Flow Cytometer (CytekTM Biosciences Inc., 
Fremont, CA). The two dyes were excited in the flow cytometer using a 488-nm argon excitation 
161 
 
laser. Fluorescent data of all events was collected until 10,000 gated events were recorded. Two-
dimensional plots of SYBR-14 (green) versus PI (red) fluorescence events were drawn, and debris 
was gated out based on those events that emitted minimal fluorescence (Fig. 21A). As previously 
described [29], three sperm populations in the SYBR-14/PI stained sperm preparations were 
present. Presumptively live cells with intact cell membranes made up population 1, with only green 
fluorescent signal (SYBR-14 positive) detected. Population 2 exhibited a mixed green (SYBR-14 
positive) and red (PI positive) fluorescence and were considered to be moribund sperm, with early 
or minor membrane damage.  Population 3 comprised cells with only red fluorescent signal (PI 
positive) detected and were considered dead. The percentage of cells in each of the three 
populations was calculated. 
7.3.8 Assessment of acrosome integrity 
Acrosome integrity was assessed using a combination of FITC-PNA (peanut agglutinin 
conjugated with fluorescein isothiocyanate) and PI as previously described [29]. FITC-PNA has a 
maximum emission of 521 nm (green) and targets the inner leaflet of the outer acrosomal 
membrane, identifying damaged acrosomes. Again, PI was used as a counterstain to allow for 
simultaneous assessment of sperm viability and condition of the acrosome. Briefly, stock solutions 
of FITC-PNA (1 mg/mL in PBS) were prepared and frozen in aliquots at −20°C for subsequent 
use [29]. Staining solution was prepared by combining 0.625 µL PI (2.4 mM) and 1 µL FITC-
PNA (1 mg/mL) per mL of PBS. Final concentrations of the stains were 1.5 µM PI and 1 µg/mL 
FITC-PNA. Cryopreserved semen was thawed in a 37°C water bath for 1 min, and 25 µL of thawed 
semen was added to 0.5 mL staining solution to create a final concentration of 2 million 
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spermatozoa per mL. The samples were mixed by reverse pipetting and subsequently incubated in 
the dark at 37°C for 10 to 15 min prior to flow cytometric analyses. 
Flow cytometric analyses were carried out as described above with the exception that 
FITC-PNA fluorescence was detected at 515–545 nm fluorescence detector 1.  Fluorescent data of 
all events was collected until 10,000 gated events were recorded.  Non-sperm events were gated 
out of analyses as judged on scatter properties. Two-dimensional plots of FITC-PNA (green) 
versus PI (red) fluorescence events were drawn and divided into quadrants to determine the 
frequency of sperm in each of four populations (Fig. 21B). Population 1 included sperm that were 
live (PI negative) with an intact acrosome (FITC-PNA negative). Population 2 encompassed sperm 
that were live (PI negative) with a damaged acrosome (FITC-PNA positive). Populations 3 and 4 
contained sperm that were dead (PI positive) with intact (FITC-PNA negative) or damaged (FITC-
PNA positive) acrosomes, respectively.  
7.3.9 Assessment of sperm chromatin stability 
Chromatin stability was assessed by meta-chromatic staining with acridine orange based 
on the susceptibility of the sperm DNA to acid-induced denaturation in situ [27]. This is a cell-
permeant nucleic acid binding dye that emits green fluorescence when bound to double stranded 
DNA (dsDNA) and red fluorescence when bound to single stranded DNA (ssDNA) or RNA. 
Cryopreserved semen was thawed in a 37°C water bath for 1 min, and 90 µL of thawed semen was 
added to 110 µL PBS to create a final sperm concentration of approximately 18 million 
spermatozoa per mL. Acid-induced denaturation of DNA in situ was attained by adding 0.4 ml of 
an acid-detergent solution (0.17% Triton X-100, 0.15 M sodium chloride, and 0.08 N hydrogen 
chloride; pH 1.4) to 0.2 mL diluted semen. After 30 sec, the cells were stained by adding 1.2 mL 
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of a citric phosphate solution (0.1 M citric acid, 0.2 M sodium phosphate dibasic, 1 mM 
ethylenediaminetetraacetic acid, 0.15 M sodium chloride; pH 6.0) containing 6 µg/ml acridine 
orange, to achieve a working concentration of 2 million spermatozoa per mL, and mixed by reverse 
pipetting. The stained samples were subsequently incubated in the dark at 37°C for 3 min prior to 
flow cytometric analyses. 
Flow cytometry analysis was carried out as above using a 488-nm argon excitation laser. 
Fluorescent data of all events was collected until 10,000 gated events were recorded. Debris was 
discarded electronically and based on low fluorescence values. Two populations were discerned 
by drawing a diagonal line between the groups of cells with stable chromatin (intact DNA) to the 
left of the line (medium to high green fluorescence) and the group of cells with loose chromatin 
(damaged DNA) to the right of the line (medium to high red fluorescence) as demonstrated in Fig. 
21C. The frequency of each of these populations was quantified. DNA fragmentation index was 
calculated as the number of cells with loose chromatin divided by the sum of both populations. 
7.3.10 Statistical analyses 
Data are presented as percentage mean ± SEM. All statistical analyses were performed 
using R Version 3.4.3 (https://www.r-project.org/). Normality was confirmed using a Shapiro-
Wilk test of the residuals. Non-normal data was transformed using Tukey’s Ladder of Powers. A 
Kruskal-Wallis rank sum test was performed on non-parametric data. Analysis of variance was 
applied to data using a general linear mixed model with bull ID as a random variable, and a Tukey 





7.4.1 Ejaculated sperm 
The mean normal sperm morphology in ejaculated samples before cryopreservation was 
63 ± 6%, ranging from 31 to 89%. The most common sperm abnormality present was proximal 
cytoplasmic droplets (13 ± 5%), followed by simple bent tails (7.8 ± 2.5%), distal cytoplasmic 
droplets (7.2 ± 2.7%), and detached heads (6 ± 2.9%). Percentage of normal sperm, primary sperm 
defects, and secondary sperm defects did not differ at post-thaw between treatments with a similar 
distribution in specific defects (P ≥ 0.15; Table 12). 
Overall total and progressive sperm motilities in ejaculated samples before treatment and 
cryopreservation were 72 ± 6.5% and 61 ± 7.1%, respectively. Post-thaw overall and progressive 
motilities decreased over time in all samples (P < 0.01) but were lower in HIGH and LOW than 
in CONT or MED samples (P < 0.01; Fig. 22A and B). Sperm velocity parameters, VAP and VCL, 
were lowest in HIGH, intermediate in LOW and CONT, and highest in MED samples (P ≤ 0.04; 
Fig. 22C and D). Amplitude of lateral head displacement was decreased in HIGH samples at 2.5 
and 3.0 h post-thaw (P = 0.03; Fig. 22E). Linearity was lowest in LOW samples, intermediate in 
CONT and MED, and highest in HIGH samples (P ≤ 0.05; Fig. 22F). 
Post-thaw flow cytometric sperm analyses revealed no differences in percentages of live 
(P = 0.76), dead (P = 0.66), or moribund (P = 0.98) spermatozoa amongst treatments (Fig. 23A). 
Similarly, there were no differences in the percentages of live spermatozoa with intact acrosomes 
between treatments (P = 0.95; Fig. 23C). The DNA fragmentation index also did not differ between 
treatments (P = 0.77; Fig. 23E). 
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7.4.2 Epididymal sperm 
Average normal sperm morphology in epididymal samples before cryopreservation was 16 
± 2.3%, ranging from 6 to 33%. The most common sperm abnormality present was distal 
cytoplasmic droplets (55 ± 7.5%), followed by proximal cytoplasmic droplets (11 ± 3.6%), 
detached heads (8.4 ± 3.6%), and simple bent tails (7.6 ± 2.3%). At post-thaw evaluation, there 
was a higher percentage of normal sperm cells in LOW and HIGH samples than in CONT samples 
(P ≤ 0.05; Table 12). Despite this difference, there were no differences in the percentages of 
primary or secondary sperm defects amongst treatments with a similar distribution of specific 
defects (P ≥ 0.23; Table 12). 
Average overall and progressive sperm motilities in epididymal samples before treatment 
and cryopreservation were 75 ± 3.7% and 57 ± 3.7%, respectively. Post-thaw overall and 
progressive motilities decreased over time in all samples (P < 0.01), but did not differ treatments 
(P ≥ 0.22; Fig. 24A and B). Similarly, treatment did not alter post-thaw sperm motion parameters 
(P ≥ 0.10; Fig. 24C-F). 
Post-thaw flow cytometric sperm analyses revealed no differences in percentages of live 
(P = 0.15), dead (P = 0.15), or moribund (P = 0.10) spermatozoa amongst treatments (Fig. 23B). 
Similarly, there were no differences in the percentages of live spermatozoa with intact acrosomes 
between treatments (P = 0.14; Fig. 23D). The DNA fragmentation index also did not differ 






This study was set to assess the post-thaw semen quality from both ejaculated and 
epididymal-harvested bull sperm extended with final concentrations of 0 ng/mL (CONT), 0.5 
ng/mL (LOW), 5 ng/mL (MED), or 50 ng/mL (HIGH) of NGF prior to cryopreservation.  Since 
ejaculated bovine sperm have been found to have NGF-immunoreactivity localized to the sperm 
head and tail and its receptor (TrkA) in the acrosomal cap, nucleus, and tail regions [14], it seems 
logical to hypothesize that seminal plasma NGF should have a direct effect on spermatozoa 
function and based on other studies in man and bulls it would improve semen cryopreservation. 
However, under the present conditions the effects of NGF on bull sperm cryotolerance were not 
as beneficial as we hypothesized.  
Production of NGF occurs predominantly in the ampulla and vesicular glands of bulls, 
secreting this protein almost exclusively into the sperm-rich fraction of the ejaculate [15]. In the 
current study, purified NGF was added to both ejaculated and epididymal-derived bull sperm. 
While NGF immunoreactivity has also been detected in the myoid epithelial cells around the 
seminiferous tubules of the testis, the lumen and spermatids were NGF negative, suggesting no 
testicular contribution of NGF to the seminal plasma [20]. Therefore, the current study aimed to 
evaluate the effects of adding purified NGF to spermatozoa exposed to accessory sex gland fluids 
(ejaculated) versus spermatozoa with no exposure to accessory sex gland fluids (epididymal). As 
expected, the percentage of normal spermatozoa was higher in ejaculated samples (~63%) than in 
epididymal-derived samples (~16%), with the latter having a higher percentage of secondary 
defects (21% vs. 71%, respectively). The most common secondary defect detected in epididymal 
samples were distal cytoplasmic droplets, which did not differ by treatment. It appears, therefore, 
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that NGF signaling does not play a pivotal role in final sperm maturation at ejaculation and other 
factors need to be assessed for improving epididymal sperm quality [30].  
One study reported higher Ngf expression in spermatozoa of good semen-producing (<25% 
discarded ejaculates) versus poor semen-producing (>40% discarded ejaculates) bulls [17]. In that 
study, Ngf expression levels exerted a positive influence on frozen-thawed sperm velocity 
parameters, LIN, VAP, STR, and VSL [17], which have been strongly and positively correlated to 
bull fertility [31]. Consistently, both sperm Ngf mRNA abundance and seminal plasma NGF 
concentrations have been associated with positive sire conception rates in bulls [13,15]. However, 
the current study found minimal changes in motility and velocity parameters of both ejaculated 
and epididymal-derived sperm treated with NGF before cryopreservation. Interestingly, ejaculated 
sperm incubated with high concentrations of NGF exhibited an overall decrease in motility and 
velocity parameters and increase in LIN. Additionally, ALH was decreased at 2.5 and 3 h post-
thaw in ejaculates supplemented with high NGF concentrations. Though the decrease in motility 
may suggest a detrimental effect of NGF on sperm viability, the combination of decreased ALH 
and increased LIN suggest that the NGF could be protective against premature hyperactivation and 
capacitation of sperm [32–34]. These findings were not observed in epididymal sperm, suggesting 
that interactions with other seminal plasma components secreted by the accessory sex glands may 
be necessary. Consistently, spermatozoa Ngf expression levels were found to have significant 
positive correlation with Bmp2, Casp3, and Tradd transcripts, which all have roles in maintaining 
sperm function and fertility [17]. This data suggests that there is a complex synergistic interaction 
of seminal plasma proteins that may influence sperm cryotolerance and survivability, and future 
studies should evaluate combinations of these factors to determine the effects on sperm motility 
and motion parameters.   
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A previous study found no effect of NGF on the rate of the acrosome reaction [14], which 
is consistent with findings in the current study that indicate no change in acrosome integrity 
amongst NGF treatments in bull spermatozoa. The current study also found no effect of NGF 
treatment on DNA fragmentation index, which were within the recommended 10 to 20% threshold 
for predicting adequate bull fertility [35,36]. Seminal plasma Ngf mRNA expression in bulls was 
positively associated with maintenance of post-thaw functional membrane integrity in 
spermatozoa previously [16]. Additionally, exogenous NGF added to frozen-thawed bull 
spermatozoa at 20, 80, or 120 ng/mL improved sperm viability after a 2 h incubation period [14]. 
Leptin secretion from bovine sperm was also increased in samples incubated with 40 and 80 ng/mL 
NGF for 2 h [14]. Leptin signaling in spermatozoa has been implicated as a potential regulator of 
sperm capacitation and survival in pigs [37]. In contrast to these findings, supplementing freezing 
extender with purified NGF to semen before cryopreservation did not affect sperm membrane 
integrity immediately after thawing in either ejaculated or epididymal-derived sperm in the current 
study. On the contrary, we found that high and low NGF concentrations decreased overall and 
progressive sperm motilities in ejaculated samples over a 4 h period post-thaw compared to control 
samples. Further studies are needed to assess the relevance of these findings in regard to ensuring 
sperm survivability and transit within the female reproductive tract and overall fertilizing 
capability. A previous study found that supplementing in vitro fertilization media with 100 ng/mL 
NGF induced early cleavage and improved embryo development in sheep [38]. Therefore, fertility 
studies, both in vitro and in vivo, are necessary to determine the relevance of these findings in 
cattle. 
In conclusion, treatment with NGF did not significantly improve cryotolerance of sperm 
collected by electroejaculation or epididymal harvest in bulls. Supplementation of freezing 
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extender with high concentrations of NGF decreased post-thaw VCL and ALH and increased LIN, 
which may suggest a role in preventing premature sperm hyperactivation and capacitation. Though 
the current study does not support a role of NGF in improving sperm cryotolerance, further studies 
should address the effects it may have within the female reproductive tract that could influence 
fertility. 
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7.7 Tables and Figures 
 
Table 12. Morphological analysis of sperm samples collected by electroejaculation and epididymal sperm harvest prior to freezing 
(PRE) and at post-thaw after incubation with 0 ng/mL NGF (CONT), 0.5 ng/mL NGF (LOW), 5 ng/mL NGF (MED), or 50 ng/mL NGF 




Treatment % Normal % Primary  % Secondary % Normal % Primary  % Secondary 
PRE 63 ± 6.1 16 ± 5.4 21 ± 4.6 16 ± 2.3ab 13 ± 3.5 71 ± 5.6 
CONT 66 ± 7.0 15 ± 4.7 19 ± 4.1 15 ± 2.1b 16 ± 4.7 69 ± 6.5 
LOW 63 ± 6.4 17 ± 6.2 20 ± 4.4 18 ± 2.5a 14 ± 4.5 68 ± 6.8 
MED 65 ± 6.4 16 ± 5.4 19 ± 5.2 17 ± 2.5ab 14 ± 5.0 69 ± 7.2 








Figure 21. Representative density plots for flow cytometric analyses performed on post-thaw bull 
semen. (A) Sperm viability assay using SYBR-14 (green fluorescence, X-axis) and propidium 
iodide (PI; red fluorescence, Y-axis). The top left gate encloses PI positive events, corresponding 
to dead sperm. The bottom right gate encloses SYBR-14 positive events, corresponding to live 
sperm. The top right gate represents events with mixed fluorescence, indicating moribund sperm. 
(B) Acrosomal integrity assay using FITC-PNA (peanut agglutinin conjugated with fluorescein 
isothiocyanate; green fluorescence, X-axis) and PI (red fluorescence, Y-axis). The lower quadrants 
contain live sperm (low PI) with either intact acrosomes (low FITC-PNA) on the left or damaged 
acrosomes (high FITC-PNA) on the right. The upper quadrants encompass the populations of dead 
sperm (high PI), with damaged acrosomes (high FITC-PNA) on the right and intact acrosomes 
(low FITC-PNA) on the left. (C) Chromatin stability assay using acridine orange. Units indicate 
fluorescence intensity with binding to double stranded (intact) DNA producing green fluorescence 
(Y-axis) and binding to single stranded (damaged) DNA or RNA producing red fluorescence (X-
axis). The elongated cloud on the left is the sperm population with good chromatin integrity (Intact 
DNA) emitting green fluorescence. Dots to the right of the diagonal line are cells outside of the 






Figure 22. Line graphs demonstrating changes over time in the motility and motion parameters of 
frozen-thawed ejaculated bull spermatozoa supplemented with 0 ng/mL NGF (CONT), 0.5 ng/mL 
NGF (LOW), 5 ng/mL NGF (MED), or 50 ng/mL NGF (HIGH).  Data are presented as mean ± 
SEM. Asterisks denote treatment by time interactions (P ≤ 0.05). 
 
Abbreviations: VAP = average path velocity; μm/s VCL = curvilinear velocity, μm/s; LIN = 




Figure 23. Results of post-thaw flow cytometric analyses from semen samples collected by 
electroejaculation (A, C, E) or epididymal sperm harvest (B, D, F) after incubation with 0 ng/mL 
NGF (CONT), 0.5 ng/mL NGF (LOW), 5 ng/mL NGF (MED), or 50 ng/mL NGF (HIGH) in bulls. 
There were no differences in sperm viability (A, B), acrosome integrity (C, D), or DNA stability 




Figure 24. Line graphs demonstrating changes over time in the motility and motion parameters of 
frozen-thawed bull epididymal spermatozoa supplemented with 0 ng/mL NGF (CONT), 0.5 ng/mL 
NGF (LOW), 5 ng/mL NGF (MED), or 50 ng/mL NGF (HIGH).  Data are presented as mean ± 
SEM.  
 
Abbreviations: VAP = average path velocity; μm/s VCL = curvilinear velocity, μm/s; LIN = 
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Chapter 8:  
Summary, Conclusions, and Future Directions 
8.1 Summary, Conclusions, and Future Directions 
 The objectives of my doctoral dissertation were to determine the role of nerve growth 
factor-β (NGF) on ovulation, corpus luteum (CL) function, and conceptus development in 
cows/heifers and understand its production and role in sperm cryotolerance in the bull. Nerve 
growth factor-β is a protein found in the seminal plasma of a variety of species, including the bull 
[1]. Though the initial roles of NGF were thought to be limited to regulating neuronal survival and 
differentiation, studies have since demonstrated its broader physiological implications, including 
those within the reproductive and endocrine systems [2]. One of the most profound roles of NGF 
discovered yet is its ability to elicit luteinizing hormone (LH) secretion from the anterior pituitary 
and induce ovulation in camelids [3–5]. In spontaneously ovulating species, NGF signaling in the 
ovary is critical for the first ovulation to occur [14], though we have only recently begun to truly 
understand its effects when introduced into the female reproductive tract from seminal plasma. 
Collectively, the studies presented herein have demonstrated that NGF is secreted primarily into 
the sperm-rich fraction of the bull ejaculate and may interact directly with the bovine pre-ovulatory 
follicle to stimulate thecal cell steroidogenesis, increase follicle size, and alter local factors 
associated with CL formation. The resulting luteotrophic effect of NGF signaling seems to have a 
role in enhancing conceptus growth and ensuring maternal recognition of pregnancy in cattle.   
 In Chapter 3, I hypothesized that systemic administration of purified NGF to cows at the 
time of artificial insemination would improve CL function and conceptus development. I found 
that, despite no change in CL size between groups, NGF-treated cows had increased plasma 
progesterone levels over CONT cows from days 10 to 19, within the window for maternal 
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recognition of pregnancy to occur. Interestingly, pregnancy rates were numerically higher in NGF-
treated cows (75%) versus CONT cows (59%), though the study lacked enough power to detect a 
statistical significance. Regardless, expressions of interferon-stimulated gene 15 (Isg15) and 
myxovirus 2 (Mx2) were upregulated in peripheral blood leukocytes of pregnant NGF-treated cows 
compared to pregnant CONT cows, which are suggestive of increased interferon tau production 
from the developing conceptus. Consistently, plasma concentrations of pregnancy-specific protein 
B, which is produced from the binucleate cells of the placenta, were also increased in pregnant 
NGF-treated cows, indicative of augmented placentation. At day 66 of gestation, fetal crown rump 
length also tended to be increased in pregnant NGF cows, which may be a sequela to the initial 
enhancement in conceptus growth. Though we suspect enhanced conceptus growth is related to 
improved luteal function, further studies using in vitro maturation and in vitro fertilization are 
necessary to determine if there is a direct effect of NGF on the developing conceptus. Additionally, 
larger field studies are needed to evaluate effects of NGF administration on cow fertility and 
pregnancy rates. 
 In Chapter 4, I hypothesized that NGF could interact directly with the pre-ovulatory follicle 
in vitro to upregulate steroidogenic and angiogenic gene expressions and increase steroid 
production. Contrary to my hypothesis, NGF treatment did not alter expression of any of the 
angiogenic genes except fibroblast growth factor 2 (Fgf2), which was down-regulated. 
Interestingly, fibroblast growth factor 2 plays an important role in promoting vascular supply 
growth during the follicular to luteal transition in the cow ovary [6,7]. This eventually leads to a 
decrease in its concentrations that allows for reconstruction of the capillary beds to establish luteal 
blood flow [8]. I suspect that given the time frame of culture (72 hours), the decrease in Fgf2 
expression may be a result of hastened onset to tissue reconstruction that is critical during early 
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CL development. Another interesting finding was the upregulation in the expression of 
steroidogenic enzyme 17 β-hydroxysteroid dehydrogenase (17β-hsd) in NGF-treated follicular 
tissue, which was consistent with increased testosterone production. Previous studies found that 
NGF stimulates prostaglandin E2 (PGE) synthesis from the bovine theca cells [9]. Though I failed 
to detect any differences in expression of its precursor, PGE synthase (Pges), one study found that 
17 β-hydroxysteroid dehydrogenase enzymes play a role in the synthesis of arachidonic acid and 
its downstream eicosanoid metabolites, such as PGE [10]. Therefore, the results presented herein 
suggest that NGF plays a role in enhancing androgen synthesis from the bovine pre-ovulatory 
follicle and hastening the onset of tissue remodeling during the follicular to luteal transition. 
Further studies are needed with differing lengths of NGF treatment in vitro to better characterize 
the changes that occur during the luteinization period that may alter subsequent CL function. 
 In Chapter 5, I hypothesized that administering NGF systemically to heifers with a pre-
ovulatory follicle would improve vascularity and steroidogenesis of the follicle, hasten onset to 
ovulation, and improve subsequent CL function. Interestingly, NGF treatment had an effect on 
follicle size, though there were no differences in follicular vascularity or serum estradiol 
concentrations. Given the results of previous studies, I suspect that the increased follicular size 
may be due to follicular edema production stimulated by PGE [9,11]. While the average time to 
ovulation was 4 hours sooner in NGF-treated than in CONT heifers, there was no statistical 
difference, which may be attributed to a lack of statistical power in the study. Consistent with 
findings from Chapter 3, serum progesterone concentrations were higher in NGF-treated heifers 
from days 10 to 12. Results from the CL biopsies suggested that this luteotrophic effect is due to 
increased number of small luteal cells and upregulated expression of steroidogenic acute 
regulatory protein (Star) and 3 beta-hydroxysteroid dehydrogenase (3β-hsd). The increase in small 
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luteal cell number is likely secondary to NGF-induced theca cell proliferation within the pre-
ovulatory follicle [9], since small luteal cells are derived from the theca cells [12]. There was also 
tendency for increased gene expression of luteinizing hormone receptor (Lhcgr), which is localized 
to small luteal cells [12], and no difference in oxytocin (Ot) expression, which is localized to large 
luteal cells [13]. Consistently, LH signaling is required to maintain normal expression of Star and 
3β-hsd genes and stimulate progesterone synthesis in the ruminant CL [14,15]. Though a previous 
study reported increased follicular and luteal vascularity with NGF treatment of llamas [16], we 
found no such changes in cattle. These results demonstrate a local effect of NGF on the ovulatory 
dynamics that help to establish luteal function in cattle. Future studies are necessary to uncover 
the potential synergistic effects between NGF and GnRH within the complex hypothalamic-
pituitary-ovarian axis and better understand its role within the bovine reproductive system. 
In Chapter 6, it was hypothesized that NGF is produced predominantly in the bull vesicular 
gland and is positively associated with sire conception rates. The findings from this study 
demonstrated that NGF production occurs in both the ampulla and vesicular glands of the bull, 
with secretion occurring predominantly into the sperm-rich fraction of the ejaculate. This finding 
is in contrast to llamas, where the prostate gland is the main source [17,18]. However, given the 
short duration of copulation in cattle compared to other species, concentration into the sperm-rich 
fraction ensures that protein deposition into the female reproductive tract will occur [19]. Seminal 
plasma concentrations of NGF were found to be higher in bulls with positive sire conception rate 
deviations compared to those that were below average. Additional identified roles for NGF include 
increased expression of gonadotropin receptors in bovine oviduct epithelial cells [20] and 
improved sperm viability in frozen-thawed bull spermatozoa [21]. Collectively, these studies 
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suggest that the beneficial role of NGF on sire conception rates acts through its effects in the male 
and female reproductive tracts and warrants further investigation.   
 In Chapter 7, it was hypothesized that NGF would improve cryotolerance of both 
ejaculated and epididymal derived spermatozoa in bulls. Contradictory to our hypothesis, this 
study demonstrated that supplementing the freezing extender with NGF did not improve post-thaw 
sperm morphology, motility, viability, acrosome integrity, or chromatin stability in either 
ejaculated or epididymal derived spermatozoa. While the results of this study did not support a 
role of NGF in improving sperm cryotolerance, further studies should address the effects it may 
have on sperm survivability that may influence its transport through the female reproductive tract. 
 Collectively, the results from my doctoral dissertation work demonstrate that seminal 
plasma derived NGF plays an important role in bovine reproduction. Though the concentration of 
NGF into the sperm-rich fraction of the bull ejaculate suggests a role in sperm functionality, the 
results presented herein suggests a more profound effect within female reproductive tract. Firstly, 
NGF increases thecal cell steroidogenic function within the pre-ovulatory follicle through 
increased enzyme activity, which may hasten onset to ovulation. Secondly, NGF may promote 
tissue reconstruction that is critical during the follicular to luteal transition following ovulation. 
Thirdly, NGF-induced thecal cell proliferation in the pre-ovulatory follicle increased small luteal 
cell numbers in the subsequent CL, resulting in increased progesterone production prior to 
maternal recognition of pregnancy. Lastly, NGF treatment enhanced conceptus development, a 
potential sequela of its luteotrophic function, and may be crucial to minimizing early embryonic 
losses in cattle. Future studies should be aimed at determining its effectiveness when utilized in 
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Cryopreservation of white-tailed deer (Odocoileus virginianus) using soybean-, liposome-, 
and egg yolk-based extenders 
 
The comparison of extenders for cryopreservation of white-tailed deer semen is a project I 
contributed to during my Ph.D. program, but it was not part of my dissertation work. The 
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Abstract 
The objectives of the present study were to compare the use of soybean-based (Andromed), 
liposome-based (Optixcell), and egg yolk-based (Ovine Red, Triladyl, and Biladyl) extenders for 
cryopreservation of white-tailed deer semen. In experiment 1, ejaculates obtained from six bucks 
were aliquoted into the following extenders: Andromed, Ovine Red, Triladyl, and Biladyl 
(containing 4%, 6%, or 8% of glycerol). In experiment 2, ejaculates obtained from eight bucks 
were divided amongst Andromed, Ovine Red, and Optixcell extenders. Total and progressive 
sperm motility were assessed for each sample before and after cryopreservation using a computer-
automated semen analyzer. In experiment 2, flow cytometry was used for post-thaw assessment of 
sperm viability (SYBR-14/PI), acrosome integrity (FITC-PNA/PI), and chromatin stability 
(acridine orange). In experiment 1, both Andromed and Ovine Red extenders exhibited higher 
post-thaw total motility than Biladyl containing 4% or 6% of glycerol (p < 0.05). Andromed also 
produced higher progressive motility than all other extenders (p < 0.01) before and after 
cryopreservation with no differences amongst the other extenders (p ≥ 0.11).  In experiment 2, 
there were no differences in total and progressive motility between Andromed, Ovine Red, or 
Optixcell extenders (p ≥ 0.39). Additionally, there were no differences in sperm viability (p = 
0.18), acrosome integrity in viable sperm (p ≥ 0.10), or DNA fragmentation index (p = 0.15). These 
                                                          
1 Reprinted, with permission, from J. Stewart et al. Cryopreservation of white-tailed deer (Odocoileus virginianus) 
semen using soybean-, liposome-, and egg yolk-based extenders. Animal Reproduction Science 2016; 171: 7-16. 
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results demonstrated that soybean (Andromed) and liposome-based (Optixcell) extenders are 
equally as effective at cryopreserving white-tailed semen as egg yolk-based Ovine Red extender, 
but are superior to egg yolk-based Biladyl or Triladyl extenders. 
Key words: semen freezing, cervid andrology, semen evaluation, fluorescent probes, semen 
biotechnology 
1. Introduction 
White-tailed deer farming is an economically important industry in North America. In the 
United States alone, this industry is estimated to generate approximately 30,000 jobs and $3.0 
billion annually (Anderson et al., 2007). The sustainability of deer farming relies heavily on the 
use of artificial insemination with frozen semen to effectively disseminate valuable genetics. 
However, there are limited controlled studies and clinical data assessing the most suitable 
extender(s) for deer semen cryopreservation (Ake-Lopez et al., 2010; Clemente-Sànchez et al., 
2014). While egg yolk-based semen extenders have been used in clinical practice with apparent 
success in white-tailed deer (Asher et al., 2000), there have been growing concerns regarding the 
use of animal origin products for semen cryopreservation in mammals (Pillet et al., 2012). First, 
the use of animal products may put both technicians and recipient animals at an increased risk of 
cross contamination with pathogens. Additionally, endotoxin production secondary to microbial 
contamination of semen samples can damage the fertilizing capacity of spermatozoa (Bousseau et 
al., 1998). Moreover, to be effective, fresh eggs must be obtained and processing must be 
performed carefully, which imposes time and technical constraints for the use of egg yolk-based 
extenders. Finally, the phospholipid composition of egg yolk is extremely variable amongst 
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animals, making it challenging to standardize the use of egg yolk-based extenders (Aydin and 
Dogan, 2010). 
Egg yolk phospholipids, such as phosphatidylcholine, provide protection to the sperm cell in 
the freezing-thawing process and can be derived from other sources (Pillet et al., 2012). Soy 
lecithin, a natural mixture of phosphatidylcholine and several fatty acids such as stearic, oleic, and 
palmitic acid, has been proposed as an alternative to egg yolk for cryoprotection of sperm during 
freezing (Kumar et al., 2015). Commercial soybean-based extenders have been used successfully 
in dairy bulls (Aires et al., 2003), rams (Fukui et al., 2008), and domestic bucks (Salmani et al., 
2014). Additionally, synthetically derived liposomes composed of egg yolk phospholipids have 
also been effective in protecting spermatozoa during cryopreservation in stallions (Pillet et al., 
2012) and bulls (Röpke et al. 2011), while allowing for a standardized composition in extender. 
Both of these products are available as commercial extenders, but their effectiveness for sperm 
cryopreservation in white-tailed deer have yet to be elucidated. 
The objective of experiment 1 was to compare total and progressive sperm motility in white-
tailed deer before and after cryopreservation when using a soybean-based extender (Andromed) 
versus different egg yolk-based extenders (Ovine Red; Triladyl; Biladyl containing 4%, 6% or 8% 
of glycerol). The objectives of experiment 2 were to compare a liposome-based extender 
(Optixcell) with soybean-based (Andromed) and egg yolk-based (Ovine Red) extenders to 
cryopreserve white-tailed deer semen, as judged by total and progressive sperm motility and by 
determination of sperm viability (SYBR-14/propidium iodide), acrosomal integrity (fluorescein 
isothiocyanate conjugated with peanut agglutinin/propidium iodide), and chromatin stability 
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(acridine orange) using flow cytometry. Our hypothesis was that Andromed or Optixcell extenders 
would be more effective than egg yolk-based extenders at cryopreserving white-tailed deer semen. 
2. Materials and methods 
2.1 Animal Care and Use 
All experimental procedures were reviewed and approved by the Institutional Animal Care 
and Use Committee (Protocol #13423) at the University of Illinois Urbana-Champaign. Animals 
were maintained at a commercial deer farm in east central Illinois.  
2.1 Extender Preparation 
The preparation of each extender was carried out according to individual manufacturer 
recommendations. In experiment 1, six extenders were evaluated: Andromed (Minitube of 
America, LLC, Verona, Wisconsin, USA), Ovine Red (IMV Technologies, Maple Grove, 
Minnesota, USA), Triladyl (Minitube of America, LLC, Verona, Wisconsin, USA), and Biladyl  
(Minitube of America, LLC, Verona, Wisconsin, USA ) containing 4%, 6%, or 8% of glycerol. In 
experiment 2, three extenders were evaluated: Andromed, Ovine Red, and Optixcell (IMV 
Technologies, Maple Grove, Minnesota, USA). Extenders were prepared fresh on the morning of 
each semen collection and total volumes of extenders were prepared based on the anticipated 
number of bucks being sampled that day. 
For egg yolk-based extenders (Ovine Red, Triladyl, and Biladyl), freshly laid eggs were 
obtained on the day of or day before semen collection. Shells were sterilized by briefly passing 
through an open flame. Each egg was opened carefully, and egg yolk was separated from the egg 
white by passing it three to four times from one half of the shell into the other. The yolk was then 
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laid down on filter paper and rolled until completely free of egg white. The egg yolk was then 
positioned at the edge of the paper and propped against a 15 mL polypropylene tube. The 
membrane was carefully ruptured, such that the yolk drained into the tube and the membrane 
remained in the filter. This was repeated for each egg until the necessary amount of egg yolk was 
obtained. Antibiotic solution used for Andromed, Triladyl, and Biladyl extenders was prepared by 
adding 22 mL distilled water to a bottle of antibiotic cocktail (Cocktail AB, Minitube of America, 
LLC, Verona, Wisconsin, USA) that contained 60 mg tylosin, 300 mg gentamycin sulfate, 360 mg 
spectinomycin, and 180 mg lincomycin. 
Each Biladyl preparation was prepared as fractions A and B, with B containing the different 
concentrations of glycerol (4%, 6%, and 8%). Fraction A working solution was prepared by adding 
1 mL fresh egg-yolk and 0.1 mL antibiotic solution per 3.9 mL Fraction A stock solution (double 
distilled sterile water 24.9 g, Tris 12.1 g, citric acid 6.9 g, fructose 5 g), and the solution was 
warmed to 37°C for pre-dilution of semen samples. Fraction B working solution was prepared as 
was Fraction A by adding 1 mL fresh egg yolk and 0.1 mL antibiotic solution per 3.9 mL Fraction 
B stock solution (double distilled sterile water 140 g, glycerol 86 g, Tris 12.1 g, citric acid 6.9 g, 
fructose 5 g). Once the processed samples were cooled to 5°C, Fraction B was added at a ratio of 
1:1, 1:2, or 1:3 (v:v) per Fraction A to allow for differing glycerol concentrations (8%, 6%, and 
4%, respectively) for incubation.  
Triladyl stock solution was prepared by adding one bottle of Triladyl concentrate (200 g) to 
580 mL distilled water and stored at 5°C until each use. On each day of collection, 1 mL egg yolk 
and 0.1 mL antibiotic solution were added per 3.9 mL Triladyl stock solution to create a working 
extender. The working extender was warmed to 37°C prior to use. Ovine Red extender was 
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prepared by adding 4 mL Ovine Red stock solution per 1 mL of fresh egg yolk at 5°C. After 
thorough mixing, the entire extender preparation was filtered using sterile gauze and subsequently 
warmed to 37°C prior to use.  
Andromed extender was prepared by adding 1 mL Andromed concentrate and 0.1 mL 
antibiotic solution per 3.9 mL distilled water and subsequently warmed to 37°C prior to use. 
Optixcell extender was prepared by adding 1 mL Optixcell stock solution per 3 mL distilled water 
and subsequently warmed to 37°C prior to use. 
2.2 Animals & anesthesia 
White-tailed deer bucks included in this study were all captive born and raised. Two separate 
experiments were conducted in the current study that consisted of different populations of bucks. 
Bucks were included if classified as prospective breeders as determined by a scrotal circumference 
of greater than 12 cm and an estimated gross sperm motility of greater than 30% (Sathe and 
Shipley, 2014). Experiment 1 took place February of 2014 and included a total of six bucks with 
ages ranging from 1.5 to 4 yrs (average 2.4 ± 0.3 yrs). All bucks included in this experiment 
appeared to be in good reproductive health with a mean scrotal circumference of 15.3 ± 0.4 cm.  
Two bucks (ages 4 and 1.5 yr, both with scrotal circumference of ≥ 14 cm) were collected, but 
excluded from experiment 1 due to poor estimated gross sperm motility (< 30%). Experiment 2 
occurred in January of 2015 and included a total of eight bucks with ages ranging from 1.5 to 2.5 
yrs (average 1.6 ± 0.1 yrs). All bucks included in this experiment appeared to be in good 
reproductive health with a mean scrotal circumference of 14.3 ± 0.6 cm. These bucks produced an 
average of 1.22 ± 0.13 mL of ejaculate with a concentration of 1.59 ± 0.38 billion spermatozoa per 
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milliliter. . Two bucks (both 1.5 yr old with scrotal circumferences of 10 and 13.5 cm) failed to 
ejaculate and, therefore, were excluded from experiment 2.  
Anesthesia and animal handling were performed by a team of experienced veterinarians. Bucks 
were anesthetized using a combination of 0.88 mg/kg tiletamine-zolazepam (Telazol®, Zoetis, 
Florham Park, New Jersey, USA) and 2.2 mg/kg xylazine (Cervicine®, ZooPharm, Windsor, 
Colorado, USA) administered intramuscularly via dart gun. A 2.2 mg/kg dose of ketamine 
(Ketaset®, Zoetis, Florham Park, New Jersey, USA) was given intravenously if needed for 
additional anesthesia. Each buck was then transported to a heated room and placed on a table for 
semen collection. Following semen collection, anesthesia was reversed using an intramuscular 
injection of 4.4 mg/kg tolazoline (Tolazine®, Lloyd, Inc., Shenandoa, Iowa, USA). 
2.3 Semen collection and processing 
Once bucks were anesthetized, the penis was manually exteriorized by applying simultaneous 
gentle pressure at the sigmoid flexure and base of the prepuce and the penis was then held extended 
using a folded gauze. To obtain semen samples, a 31.75 mm diameter, three electrode ram probe 
(Lane Manufacturing, Inc., Denver, Colorado, USA) was placed rectally, and a manual cycle was 
run on the electroejaculator unit (Pulsator IV, Lane Manufacturing, Inc., Denver, Colorado, USA). 
Semen was collected into a 15 mL conical tube submerged in a 37°C water bath until processing. 
A small drop of sample was evaluated under the microscope to ensure that a viable and 
appropriately concentrated sample was obtained prior to processing. Once the semen was deemed 
appropriate, 10 µL was added to a 1:201 dilution tube (Repro-PetteTM system, Reproduction 
Provisions, LLC, Walworth, Wisconsin, USA) for manual concentration calculation using a 
hemocytometer. The remainder of the sample was divided into six tubes for experiment 1 and three 
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tubes for experiment 2 and diluted with pre-warmed extender (37°C) at a ratio of 1:1. Samples 
were then transported approximately 30 minutes to the laboratory in a 37°C water bath. Once the 
raw concentration for each sample was determined, additional extender was added in a one-step 
method for all extenders except Biladyl, which required a two-step method, to make a final 
concentration of 120 million spermatozoa per mL. Immediately following this final dilution step, 
the samples were slowly cooled to 5°C by placing tubes in a 37°C water bath and placing the 
immersed samples in a cold-room at 5°C. Samples were incubated at 5°C for 3 to 4 h, adhering to 
manufacturers’ requirements for all extenders. The samples were loaded into 0.5 mL semen straws 
and frozen manually after incubation by placing the straws 4 cm above the level of liquid nitrogen 
for 15 min and then submerging and storing in liquid nitrogen until further analysis. 
2.4 Semen evaluation 
Evaluation of total and progressive sperm motility was performed using Computer Assisted 
Sperm Analysis (CASA) equipment (Spermvision II, Minitube of America, Inc. Verona, 
Wisconsin, USA). The parameter settings were adjusted for cervid sperm as recommended by the 
manufacturer. Briefly, ~3 µL semen (360,000 spermatozoa) was placed into 20 µM depth chamber 
slides (Vitrolife, Microcell Counting Chambers, San Diego, California, USA) that were pre-
warmed to 37°C. Data were obtained by averaging motility measurements of three to seven 
readings from various portions of the chambered slide. Pre-freeze sperm motility parameters were 
obtained after extending samples to the final concentration of 120 million per mL prior to cooling 
to 5°C for incubation. Post-thaw sperm motility parameters were assessed by CASA after thawing 




2.5 Fluorescent probes for sperm evaluation   
Fluorescent probes were used for post-thaw evaluation of sperm cryopreserved in 0.5 mL 
straws using Andromed (n = 5), Ovine Red (n = 4), and Optixcell (n = 4) extenders from 
experiment 2. The LIVE/DEAD® Sperm Viability Kit (SYBR-14 and propidium iodide (PI) dyes; 
#L-7011) was purchased from Molecular Probes, Inc. (Eugene, Oregon, USA).  Fluorescein 
isothiocyanate-conjugated pea (Pisum sativum) agglutinin (FITC-PNA; #L-7381) was purchased 
from Sigma Chemical Co. (Saint Louis, Missouri, USA). Acridine orange, C.I. (#04539-500) was 
purchased from Polysciences, Inc. (Warrington, Pennsylvania, USA).  Dimethyl sulfoxide, 
anhydrous (DMSO; #D12345), triton X-100 surfact-amps detergent solution (#85111), and 
phosphate-buffered saline (PBS, pH 7.4) (#10010-023) were purchased from Thermo Fischer 
Scientific (Waltham, Massachusetts, USA). All other chemicals used were reagent grade and 
purchased from Sigma Aldrich (St. Louis, Missouri, USA). 
2.6 Assessment of sperm viability   
Sperm viability was assessed using a combination of SYBR-14 and propidium iodide (PI) 
based on the integrity of the sperm plasma membrane as previously described by Robles and 
Martínez-Pastor (2013). SYBR-14 was used as a membrane-permeable DNA intercalating agent 
with maximum emission of 516 nm (green) and readily stains all nuclei. Propidium iodide was 
also used as an intercalating agent with maximum emission of 617 nm (red), but it only stains the 
nucleus if the sperm plasma membrane is damaged which makes it a useful counterstain for dead 
cells. Briefly, stock solutions of SYBR-14 (0.02 mM in DMSO) and PI (2.4 mM in water) were 
prepared and frozen in aliquots at −20°C for subsequent use (Robles and Martínez-Pastor, 2013). 
Staining solution was prepared on the day of flow cytometry analysis by combining 5 µL SYBR-
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14 (0.02 mM) and 5 µL PI (2.4 mM) per mL of HEPES buffer (10 mM Hepes, 150 mM NaCl, 
0.1% BSA, pH 7.4). The working concentrations of SYBR-14 and PI were 100 nM and 12 µM, 
respectively. Cryopreserved semen was thawed in a 37°C water bath for 1 min, and 8 µL of thawed 
semen was added to 0.5 mL staining solution to create a final concentration of 1.92 million 
spermatozoa per mL. The samples were mixed by reverse pipetting five to ten times and were 
subsequently incubated in the dark at 37°C for 10 to 15 min prior to flow cytometric analysis. 
Samples were analyzed using a BD LSR II Flow Cytometry Analyzer (BD Biosciences, San 
Jose, California, USA) at the Roy Carver Biotechnology Center of the University of Illinois 
Urbana-Champaign. The two dyes were excited in the flow cytometer using a 488-nm argon 
excitation laser. Fluorescent data of all events was collected until 10,000 gated events were 
recorded. Two-dimensional plots of SYBR-14 versus PI fluorescence events were drawn, and 
debris was gated out based on those events that emitted minimal red and green fluorescence. As 
previously described (Robles and Martínez-Pastor, 2013), three sperm populations in the SYBR-
14/PI stained sperm preparations were present (Fig. 1). Presumptively viable cells made up 
population 1, with only green fluorescent signal (SYBR-14 positive) detected. Population 2 
exhibited a mixed green (SYBR-14 positive) and red (PI positive) fluorescence and were 
considered to be moribund with early or minor membrane damage.  Population 3 comprised cells 
with only red fluorescent signal (PI positive) detected and were considered dead. The percentage 
of cells in each of the three populations was calculated. 
2.7 Assessment of acrosome integrity 
Acrosome integrity was assessed using a combination of FITC-PNA (peanut agglutinin 
conjugated with fluorescein isothiocyanate) and PI as previously described by Robles and 
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Martínez-Pastor (2013). FITC-PNA has a maximum emission of 521 nm (green) and targets the 
inner leaflet of the outer acrosomal membrane, identifying damaged acrosomes. Again, PI was 
used as a counterstain to allow for simultaneous assessment of sperm viability and condition of 
the acrosome. Briefly, stock solutions of FITC-PNA (1 mg/mL in PBS) were prepared and frozen 
in aliquots at −20°C for subsequent use (Robles and Martínez-Pastor, 2013). Staining solution was 
prepared by combining 0.625 µL PI (2.4 mM) and 1 µL FITC-PNA (1 mg/mL) per mL of PBS. 
Final concentrations of the stains were 1.5 µM PI and 1 µg/mL FITC-PNA. Cryopreserved semen 
was thawed in a 37°C water bath for 1 min, and 8 µL of thawed semen was added to 0.5 mL 
staining solution to create a final concentration of 1.92 million spermatozoa per mL. The samples 
were mixed by reverse pipetting five to ten times and were subsequently incubated in the dark at 
37°C for 10 to 15 min prior to flow cytometric analyses. 
Flow cytometric analyses were carried out as described above with the exception that FITC-
PNA fluorescence was detected at 515–545 nm fluorescence detector 1.  Fluorescent data of all 
events was collected until 10,000 gated events were recorded.  Non-sperm events were gated out 
of analyses as judged on scatter properties. Debris was manually excluded in Ovine Red samples 
due to the presence of egg yolk. Two-dimensional plots of FITC-PNA versus PI fluorescence 
events were drawn. As previously described (Robles and Martínez-Pastor, 2013), four sperm 
populations in the FITC-PNA/PI stained sperm preparations were present (Fig. 2). Population 1 
(Viable + IA) included sperm that were viable (PI negative) with an intact acrosome (FITC-PNA 
negative). Population 2 (Viable + DA) encompassed sperm that were viable (PI negative) with a 
damaged acrosome (FITC-PNA positive). Populations 3 (Dead + IA) and 4 (Dead + DA) contained 
sperm that were dead (PI positive) with intact (FITC-PNA negative) or damaged (FITC-PNA 
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positive) acrosomes, respectively. These populations were divided by quadrants, and the frequency 
of each population was quantified. 
2.8 Assessment of sperm chromatin stability 
Chromatin stability was assessed by meta-chromatic staining with acridine orange (AO) based 
on the susceptibility of the sperm DNA to acid-induced denaturation in situ (Martínez-Pastor et 
al., 2004). This is a cell-permeant nucleic acid binding dye that emits green fluorescence when 
bound to double stranded DNA (dsDNA) and red fluorescence when bound to single stranded 
DNA (ssDNA) or RNA. Cryopreserved  semen was thawed in a 37°C water bath for 1 min, and 
15 µL of thawed semen was added to 985 µL PBS to create a final sperm concentration of 
approximately 1.8 million spermatozoa per mL. Acid-induced denaturation of DNA in situ was 
attained by adding 0.4 ml of an acid-detergent solution (0.17% Triton X-100, 0.15 M sodium 
chloride, and 0.08 N hydrogen chloride; pH 1.4) to 0.2 mL diluted semen. After 30 sec, the cells 
were stained by adding 1.2 mL of a citric phosphate solution (0.1 M citric acid, 0.2 M sodium 
phosphate dibasic, 1 mM ethylenediaminetetraacetic acid, 0.15 M sodium chloride; pH 6.0) 
containing 6 µg/ml AO and mixed by reverse pipetting five to ten times. The stained samples were 
subsequently incubated in the dark at 37°C for 3 min prior to flow cytometric analyses. 
Flow cytometry analysis was carried out as above using a 488-nm argon excitation laser. 
Fluorescent data of all events was collected until 10,000 gated events were recorded. Debris was 
discarded electronically and based on low fluorescence values. Cells were plotted depending on 
red and green fluorescence intensity. Two populations were discerned (Fig. 3) by drawing a 
diagonal line between the groups of cells with stable chromatin (intact DNA) to the left of the line 
(medium to high green fluorescence and low red fluorescence) and the group of cells with loose 
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chromatin (damaged DNA) to the right of the line (medium to high green fluorescence and medium 
to high red fluorescence). The frequency of each of these populations was quantified. DNA 
fragmentation index (DFI %) was calculated as the number of cells with loose chromatin divided 
by the sum of both populations. 
2.6 Statistical Analysis 
Data are presented as percentage mean ± SEM. All statistical analyses were performed using 
R Version 3.2.2 (https://www.r-project.org/). Data for each extender and buck in experiment 1 
were analyzed separately from data obtained in experiment 2 and are presented as such. 
Homogeneity of variances among samples was established using a Bartlett test, and normality was 
confirmed using a Shapiro-Wilk test of the residuals. General Linear Models were used for all 
analyses of variance with repeated measures for determination of treatment × time interactions for 
total and progressive motility parameters. Post-thaw fluorescent probe data from experiment 2 
were also analyzed using one-way analyses of variance. A Tukey HSD test was performed as 
needed for post-hoc analysis. Pearson’s correlation test was used to evaluate the association 
between flow cytometry parameters and the corresponding post-thaw motility from each sample 
analyzed in experiment 2. Parameters with high correlation were defined at r > 0.66, moderate 
correlation at 0.55 < r ≤ 0.65, and low correlation at 0.45 < r ≤ 0.55. Significance was declared at 







3.1 Total and progressive sperm motility 
As expected, cryopreservation was associated with a reduction in total (p ≤ 0.02) and 
progressive motility (p ≤ 0.04) for all extenders (Fig. 4 and 5). In experiment 1, there was a time 
by group interaction for total sperm motility with sperm cryopreserved in Andromed and Ovine 
Red extenders presenting a higher percent of total motility at post-thaw than those extended in 
Biladyl 4% or Biladyl 6% (p < 0.05) with no differences observed prior to cryopreservation (p ≥ 
0.99) (Fig. 4a). Additionally, sperm cryopreserved with Triladyl extender tended to have a higher 
total sperm motility at post-thaw than those extended in Biladyl 4% (p = 0.08) with no differences 
observed prior to cryopreservation (p > 0.99). There were no differences in total sperm motility 
between Andromed, Ovine Red, Triladyl, or Biladyl 8% extenders (p ≥ 0.65), between Triladyl, 
Biladyl 8%, or Biladyl 6% extenders (p ≥ 0.15), or between Biladyl 8%, Biladyl 6%, or Biladyl 
4% extenders (p ≥ 0.89) (Fig. 4a). There was a main effect of treatment for progressive sperm 
motility with sperm cryopreserved in Andromed extender exhibiting higher progressive motility 
than all other extenders (p < 0.01) (Fig. 4b). There were no differences in progressive sperm 
motility between Ovine Red, Triladyl, or Biladyl (containing 8%, 6%, or 4% of glycerol) extenders 
(p ≥ 0.11) (Fig. 4a). In experiment 2, both total and progressive sperm motility did not differ 
between Andromed, Ovine Red, or Optixcell extenders (p ≥ 0.59, Fig. 5a; and p ≥ 0.39, Fig. 5b, 
respectively). 
3.2 Fluorescent probes for sperm evaluation   
The quantitative results of flow cytometric analyses are summarized in Table 1. There were no 
differences in the percentages of dead (p = 0.17), viable (p = 0.18), or moribund (p = 0.52) sperm 
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amongst Andromed, Ovine Red, and Optixcell extenders. There were also no differences in 
percentage of viable sperm cells with intact acrosome (p = 0.53), percentage of viable sperm cells 
with damaged acrosome (p = 0.10), or percentage of dead sperm cells with damaged acrosome (p 
= 0.96) between Andromed, Ovine Red, and Optixcell extenders. There was a tendency for 
percentage of dead sperm cells with intact acrosome in Optixcell to be less than in Andromed (p 
= 0.07), but no differences between Ovine Red and Andromed (p = 0.24) or between Ovine Red 
and Optixcell (p = 0.73) were identified. Finally, there was no difference in the DNA fragmentation 
index (p = 0.15) amongst Andromed, Ovine Red, and Optixcell extenders. 
3.3 Correlation between motility and fluorescent probes for sperm evaluation   
 Andromed and Optixcell motility parameters were significantly and highly correlated with the 
percent of dead sperm with damaged acrosome (supplement). Whereas, semen cryopreserved with 
Ovine Red was significantly and highly correlated with progressive motility. Since the remaining 
results for staining with fluorescent probes were not significant, we combined all data for further 
analyses (Table 2).  Post-thaw total and progressive sperm motility exhibited high and positive 
correlation with sperm viability (p ≤ 0.01). Additionally, both post-thaw total and progressive 
sperm motility exhibited high negative correlation with percentage of dead sperm with damaged 
acrosome (p ≤ 0.01) with a tendency to have a low but positive correlation to the percentage of 
viable sperm with intact acrosome and percentage of viable sperm with damaged acrosome (p < 
0.10). Furthermore, post-thaw progressive motility was moderately and negatively correlated with 





Recently, there has been much incentive to develop alternatives to traditional egg yolk-based 
extenders for cryopreservation of semen in domesticated species. Our present study is the first to 
demonstrate similar effectiveness of both soybean-based (Andromed) and liposome-based 
(Optixcell) extenders for cryopreservation of white-tailed deer semen compared to a traditional 
egg-yolk extender (Ovine Red). In addition, Andromed appears to be a more suitable extender than 
Triladyl and Biladyl in preserving sperm motility parameters after cryopreservation. 
While the use of Andromed extender to cryopreserve white-tailed deer semen had not been 
previously reported, in one study a different commercial soybean-based extender (Bioxcell)  
presented similar  post-thaw parameters to Triladyl and Biladyl 8% extenders (Clemente-Sànchez 
et al., 2014). Herein, high percent of post-thaw total motility in white-tailed deer sperm 
cryopreserved with Andromed extender was consistent with post-thaw motility results observed in 
bulls when Andromed was compared to a tris-based egg yolk extender (Aires et al., 2003). In that 
study, a subsequent fertility test revealed higher conception rates in Andromed cryopreserved bull 
semen (Aires et al., 2003). In rams, Andromed was reported to have similar post-thaw motility and 
higher percent of sperm with intact acrosome in comparison with Triladyl (Jerez et al., 2016). 
Andromed was also found  to have similar post-thaw motility in goats (Salmani et al., 2014) and 
similar lambing rates and prolificacy in sheep (Fukui et al., 2008) when compared to a tris-based 
egg yolk extender. In red deer, Triladyl and Andromed performed better than soybean-based 
Bioxcell extender in regards to post-thaw total sperm motility with no significant differences in 
progressive motility (Martínez-Pastor et al., 2009). Altogether, these results indicate that soybean-
based extenders seem to be superior or least equally effective as egg yolk-based extenders at 
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cryopreserving semen across species and might be advantageous when compared with egg yolk 
based extenders in white-tailed deer.  
Contrary to our hypothesis, sperm cryopreserved with Optixcell, a liposome-based extender, 
resulted in similar post-thaw motility to Andromed and Ovine Red extenders. Interestingly, 
progressive sperm motility was also not different between Andromed and Ovine Red, which is 
conflicting with the results in experiment 1. While the cause of this discrepancy cannot be fully 
elucidated, it may be attributed to the different population of bucks used in experiments 1 and 2. 
Nevertheless, both of these findings are in contrast to a study in horses that showed higher post-
thaw motility in egg yolk-based versus liposome-based extenders, but no differences in fertility 
rate or membrane integrity (Pillet et al., 2012). Our findings also differ from those observed in 
water buffalo (Bubalus bubalis), which reported better total and progressive motility in Optixcell 
versus soybean-based (Andromed and Bioxcell) and tris-based egg yolk extenders (Kumar et al., 
2015). These variations highlight the importance of conducting our study with white-tailed deer, 
the species of interest, as limited extrapolations can be made from other species of mammals. The 
comparable motility parameters observed in the present study indicate that liposome-based 
extenders can also be a suitable substitute to egg yolk-based extenders for cryopreservation of 
semen in white-tailed deer.  
Our study appears to be the first to employ fluorescent probes for evaluation of spermatozoa 
in white-tailed deer. Results obtained with flow cytometry to evaluate the sperm components are 
consistent with post-thaw motility parameters for Optixcell, Andromed, and Ovine Red extenders. 
Interestingly, a similar study in red deer found that a non-commercial, liposome-based extender 
produced a lower percentage of viable sperm than Triladyl extender, but did not differ from 
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soybean-based extenders, Andromed and Bioxcell (Martínez-Pastor et al., 2009). Though we did 
not test Triladyl in experiment 2, the lack of difference in sperm viability between soybean-based 
and liposome-based extenders in the current study was consistent with those results. Furthermore, 
sperm viability had a high correlation with post-thaw total and progressive motilities in the current 
study, which is consistent with other reports in stallions and bulls (Garner et al., 1997; Thomas et 
al., 1998, Love et al., 2003), suggesting that assessment of sperm motility may also be an indirect 
indicator of sperm viability in white-tailed deer.  
Additionally, both total and progressive motilities had high, negative correlation with the 
percentage of dead sperm with damaged acrosomes and a low, positive correlation with viable 
sperm with both intact and damaged acrosomes, which is likely a result of the correlation with 
viability, as has been demonstrated previously in bulls (Thomas et al., 1997) and stallions (Kirk et 
al., 2005). In the present study, sperm cryopreserved in Andromed extender tended to have a higher 
percentage of dead sperm with intact acrosomes than Optixcell. These results are similar to 
findings in red deer (Cervus elaphus) where sperm cryopreserved with Andromed extender had 
higher percentages of sperm with intact acrosomes than a liposome-based extender (Martínez-
Pastor et al., 2009). On the contrary, no differences were found in either plasma or acrosomal 
membrane integrity between Optixcell, Andromed, Bioxcell, and tris-based egg yolk extenders in 
water buffalo (Kumar et al., 2015).  Nevertheless, in vivo or in vitro fertilization studies are 
warranted to determine the true relevance of these differences in regards to reproductive success.  
Index of DNA fragmentation was not only similar between extenders but also  was below 15%, 
which has been associated with normal fertility in men, bulls, boars, and stallions (Ballachey et 
al., 1988, Evenson et al., 1994, Kenney et al, 1995, Varghese et al., 2011). Interestingly, the DNA 
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fragmentation index was negatively correlated with progressive motility, but not with total 
motility. This suggests that assessment of progressive sperm motility is a useful parameter to 
determine substructural damage in sperm. As previously mentioned, the higher the DNA 
fragmentation index, the lower the fertility in various species. Further controlled studies are 
warranted to determine the reason for this association and determine its clinical relevance.  
In summary, soybean-based (Andromed) and liposome-based (Optixcell) extenders are equally 
or more effective than traditional egg-yolk based extenders (Ovine Red, Triladyl, and Biladyl) for 
cryopreservation of white-tailed deer semen, as determined by in vitro sperm analyses, and appear 
to be a suitable replacement for use in clinical practice. It is important to note that direct fertility 
was not assessed in the current study, thus future studies should be performed to examine the 
association between different semen parameters observed in the current study and fertility.   
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Table 1. Summary of fluorescent probe results for semen cryopreserved using Andromed (AM), Ovine Red (OR), and Optixcell (OC) 
extenders in experiment 2 (mean ± SEM).  
 
% Viable % Dead % Moribund % Viable + 
IA 
% Viable + DA % Dead + IA % Dead + DA DFI % 
AM 80 ± 4.5 18 ± 3.9 2.8 ± 0.8 44 ± 8.0 11 ± 3.1 23 ± 5.3a 22 ± 6.3 7.2 ± 1.5 
OR 75 ± 5.9 23 ± 6.0 2.2 ± 0.5 56 ± 2.6 8.9 ± 2.9 13 ± 1.9a,b 23 ± 3.1 14 ± 4.0 
OC 89 ± 3.3 9.6 ± 2.9 1.7 ± 0.5 50 ± 8.7 21 ± 5.1 8.5 ± 2.7b 21 ± 5.9 5.8 ± 2.2 
p-value 0.18 0.17 0.52 0.53 0.10 0.07 0.96 0.15 
IA: Intact acrosome; DA: damaged acrosome; DFI: DNA fragmentation index. There were no significant differences (p ≤ 0.05). Data 





Table 2. Correlation coefficients between total (TM) and progressive (PM) motility (%) and flow cytometry data in experiment 2.  
 
% Viable % Dead % Moribund % Viable + IA % Viable + DA % Dead + IA % Dead + DA DFI % 
TM 0.67*** -0.69*** -0.19 0.52* 0.53* -0.27 -0.91*** -0.42 
PM 0.75*** -0.76*** -0.31 0.52* 0.48* -0.32 -0.82*** -0.57** 
IA: Intact acrosome; DA: damaged acrosome; DFI: DNA fragmentation index. ***Data with high correlation (p ≤ 0.01); **Data with 




Fig. 1. Representative flow cytometry dot plots for the sperm viability assay, SYBR-14/propidium 
iodide (PI), for Andromed (a), Ovine Red (b), and Optixcell (c) extenders within one buck. Units 
indicate fluorescence intensity with high SYBR-14 producing green fluorescence (X-axis) and 
high PI producing red fluorescence (Y-axis). Based on staining pattern, three populations of cells 
and one unstained population/debris (bottom left quadrant) are observed. The top left quadrant 
encloses PI positive events (high PI, low SYBR-14), corresponding to dead sperm. The bottom 
right quadrant encloses SYBR-14 positive events (high SYBR-14, low PI), corresponding to viable 
sperm. The top right quadrant represents events with mixed fluorescence, indicating moribund 




Fig. 2. Representative flow cytometry dot plots for acrosomal integrity assay, FITC-PNA (peanut 
agglutinin conjugated with fluorescein isothiocyanate) and propidium iodide (PI), for Andromed 
(a), Ovine Red (b), and Optixcell (c) extenders within one buck. Units indicate fluorescence 
intensity with high FITC-PNA producing green fluorescence (X-axis) and high PI producing red 
fluorescence (Y-axis). Four populations of sperm are recognized with this staining protocol. The 
first unstained population of viable sperm (low PI) with intact acrosomes (low FITC-PNA) is in 
the lower-left quadrant (Viable + IA). In (b), a population of debris was manually discarded due 
to the presence of egg yolk extender. The upper quadrants encompass the populations of dead 
sperm (high PI), with damaged acrosomes (high FITC-PNA) on the right (Dead + DA) and intact 
acrosomes (low FITC-PNA) on the left (Dead + IA). A fourth population of viable (low PI) and 
acrosome-damaged sperm (high FITC-PNA) are in the lower-right quadrant (Viable + DA). All 




Fig. 3. Representative flow cytometry dot plots for the chromatin stability assay, acridine orange, 
for Andromed (a), Ovine Red (b), and Optixcell (c) extenders from one buck. Units indicate 
fluorescence intensity with binding to double stranded (intact) DNA producing green fluorescence 
(Y-axis) and binding to single stranded (damaged) DNA or RNA producing red fluorescence (X-
axis). A population of unstained debris (lower left corner) was discarded. The elongated cloud on 
the left is the sperm population with good chromatin integrity (Intact DNA) emitting green 
fluorescence. Dots to the right of the diagonal line are cells outside of the main population that 
bear loose chromatin (Damaged DNA) emitting red fluorescence. There was no significant 




Fig. 4. Bar graph showing percent total (a) and progressive (b) sperm motility immediately before 
and after semen cryopreservation with Biladyl 4% (B4), Biladyl 6% (B6), Biladyl 8% (B8), 
Triladyl (TR), Ovine Red (OR), and Andromed (AM) extenders in experiment 1 (mean ± SEM). 
Data points with differing superscripts were significantly different (p ≤ 0.05). Superscripts denoted 






Fig. 5. Bar graph showing percent total (a) and progressive (b) sperm motility immediately before 
and after semen cryopreservation with Andromed (AM), Ovine Red (OR), and Optixcell (OC) 
extenders in experiment 2 (mean ± SEM). Data points with differing superscripts were 
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Abstract   
White-tailed deer farming is a growing industry in the United States, yet there is still a need to 
improve breeding practices in captive cervids. The objective of this study was to compare 
reproductive and somatic characteristics of white-tailed bucks early in the breeding season 
(September), at peak rut (December), and late breeding season (March). We hypothesized that 
reproductive parameters would improve at the peak of the breeding season. Young, mature bucks 
(n=7-11, ages 2 to 3 yr) were anesthetized via projector with tiletamine-zolazepam and xylazine. 
Semen was collected by electroejaculation and evaluated for sperm output, motility, and 
morphology. The bulbourethral, vesicular, and prostate glands were measured by transrectal 
ultrasound. Body condition score, thoracic circumference, rump fat thickness, scrotal 
circumference, and testicular measurements were also recorded. Serum testosterone, estradiol, and 
IGF-I concentrations were measured. Body condition score and rump fat thickness were highest 
in September, intermediate in December, and lowest in March (p<0.01), whereas thoracic 
circumference was lowest in September (p=0.02). In September, serum IGF-I was highest (p<0.01) 
and estradiol was lowest (p≤0.02). Serum testosterone levels were lowest in March and highest in 
December (p<0.01). Testicular volume and scrotal circumference were highest in September, 
                                                          
1 Reprinted, with permission, from J. Stewart et al. Physiological variations in reproductive and metabolic features 




intermediate in December, and lowest in March (p<0.01). Bulbourethral gland length was greatest 
in March (p≤0.05), whereas prostate length was greatest in September (p≤0.02). Vesicular gland 
length and width were highest in December, intermediate in September, and lowest in March 
(p≤0.02). Both overall and progressive sperm motilities were lowest in March (p<0.01), but did 
not differ between September and December (p≥0.12). In December, bucks had the highest 
percentage of normal sperm and lowest percentage of primary (p≤0.01) defects. Collectively, our 
results demonstrated variation in reproductive and metabolic characteristics of white-tailed deer 
bucks throughout the breeding season at 40ºN. The physiological variations described here will be 
useful for veterinarians and researchers performing reproductive evaluations in white-tailed deer 
bucks.  
Keywords: andrology, breeding soundness, cervid, metabolism, semen quality 
1. Introduction 
Deer farming is a growing industry with a total economic impact that has increased from 
$3.0 billion to $7.9 billion annually over the last 10 years and currently supports more than 56,000 
jobs [1,2]. Deer breeding operations that sell stocker bucks to hunting facilities generate 
approximately $935 million alone [2]. The  majority of cervid species represented in these reports 
were white-tailed deer (WTD) (Odocoileus virginianus) [1,2]. However, there is surprisingly 
limited data on normal reproductive characteristics in this species [3]. As in other mammals, male 
reproductive soundness is crucial to ensuring a successful breeding season and optimal profit for 
the owner. Currently, veterinarians extrapolate from established bull andrology parameters when 
assessing the reproductive potential of WTD bucks, despite major physiological reproductive 
differences in these species [4,5].  
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White-tailed deer are exclusively short-day breeders, with bucks entering the rutting season 
in September, and does beginning follicular development by September or October [6]. At rut, 
rising blood testosterone concentrations coincide with mineralization of the antlers and rubbing 
off of velvet, thus coining the term “in hard antler”. Seasonal blood testosterone fluctuations have 
been well described in cervids, with peak concentrations from October to December in WTD bucks 
[7–11]. Testosterone enhances spermatogenesis and influences accessory sex gland functions; 
therefore, seasonal fluctuations of this hormone may affect deer sperm quality throughout rut [12]. 
Breeding soundness examinations are recommended early in the breeding season to allow ample 
time to find replacement males if needed. Conversely, assessments may be indicated late in the 
season to investigate the cause of poor conception rates in does. Normal physiological variations 
during the transitional periods (i.e., beginning or end of rut) may confound the evaluation of buck 
reproductive potential. Therefore, characterization of breeding soundness parameters at multiple 
time points throughout the breeding season may provide relevant reference ranges for other 
investigators and practicing veterinarians.  
In addition to reproductive variations, cervids exhibit a distinctive appetite cycle 
throughout the year. Voluntary feed intake of WTD increases from March through August, during 
sexual inactivity, with concomitant increase in fat deposition [13,14]. Conversely, voluntary feed 
intake decreases throughout rut, which triggers mobilization of fat deposits [13,14]. Alterations in 
metabolic hormones, such as insulin-like growth factor-I (IGF-I), have been reported in response 
to changes in both season and nutrition [15]. It was previously reported that blood IGF-I 
concentrations are strongly and positively correlated with antler growth in WTD [16]. 
Additionally, IGF-I was positively associated with serum testosterone, suggesting a potential 
synergistic role in the reproductive function of WTD bucks [11]. Therefore, it is important to 
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evaluate the role of metabolic and steroid hormones on reproductive function throughout the 
breeding season. 
Given the current economic importance of cervids in the hunting industry and scarce 
information in the literature, the establishment of the normal reproductive parameters of WTD at 
different stages of rut is needed. Therefore, the objective of this study was to evaluate reproductive 
and metabolic characteristics of WTD bucks early in the breeding season (September), at peak rut 
(December), and late breeding season (March) in central Illinois. We hypothesized that 
reproductive parameters would be superior at peak rut despite metabolic parameters being 
decreased. 
2. Materials and methods  
The Institutional Animal Care and Use Committees of the University of Illinois at Urbana-
Champaign approved all experimental procedures carried out in the present study under the 
protocol #16-040. The animal component of this study was performed from September of 2016 to 
March of 2017 in central Illinois (40.1117oN, 88.0417oW).  
2.1 Animals and anesthesia 
White-tailed deer bucks included in this study (n=7-11, mean age 2.6 ± 0.3 yr) were captive-
born and raised at a commercial deer farm in east central Illinois. Sample collection took place 
throughout the breeding season: (1) early (September 8, n=11 bucks); (2) middle (December 16, 
n=8); and (3) late (March 4, n=7 bucks). Bucks not included in later time points were either sold 
or died. Throughout the study period (September 8 through March 4), the average mean 
temperature was 8°C, with daily means ranging from −16°C minimum to 26°C maximum. The 
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average maximum temperature was 13°C, with daily maximums ranging from −12°C minimum to 
33°C maximum. The average minimum temperature was 2°C, with daily minimums ranging from 
−20°C minimum to 19°C maximum. The total precipitation recorded during this time was 40 cm 
with ranges from 0 to 6.1 cm per day.  
Bucks were fed a 14 % crude protein with approximately 5% fat diet in the winter and a 16% 
crude protein and approximately 5% fat diet in the spring, summer and fall. This diet is a grain 
mix with added vitamins and mineral to meet or exceed NRC requirements. This is fed in an ad 
libitum basis either in gravity flow feeders or in troughs. Deer are housed on pasture consisting of 
orchard grass, perennial ryegrass and white/ladino clover at a stocking density of approximately 
six to eight adults per acre. No other supplement is given except occasional "treats" such as apples, 
pears or other fruit and cookies (animal crackers) to get animals close for observation of health 
and antler status.  Access to clean fresh water is year-round through a pressure system in automatic 
waterers that are energy free.  Pastures are enclosed with eight foot net wiring and animals have 
access to shade (trees) or shade cloth areas. There is a handling facility with drop chute and box 
system and seven large pens on the farm with various age and production groups per pen.   
Anesthesia and animal handling were performed by a team of experienced veterinarians. Bucks 
were anesthetized using a combination of 0.88 mg/kg tiletamine-zolazepam (Telazol®, Zoetis, 
Florham Park, New Jersey, USA) and 2.2 mg/kg xylazine (Cervicine®, ZooPharm, Windsor, 
Colorado, USA) administered intramuscularly via projector. A 2.2 mg/kg dose of ketamine 
(Ketaset®, Zoetis, Florham Park, New Jersey, USA) was given intravenously if needed for 
additional anesthesia. Following semen collection, anesthesia was reversed with an intramuscular 
injection of 4.4 mg/kg tolazoline (Tolazine®, Lloyd, Inc., Shenandoa, Iowa, USA). Mineralized 
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antlers were removed above the pedicle in September to minimize injury caused by inter-male 
aggression during rut. 
2.2 Physical examination 
Once anesthetized, bucks were moved to an enclosed facility for examination and sample 
collection. A body condition score (BCS; scale of 1 to 5) was assigned by three independent 
evaluators using guidelines described for red deer (Cervus elaphus) and averaged [17]. Thoracic 
circumference was measured at the level of the last rib and used to estimate  body weight (kg) 
using the equation Y = −74.84 + 0.15X, where X represents the thoracic circumference in mm 
[18]. Lastly, rump fat thickness was measured with ultrasound at a line between the spine, at its 
closest point to the tuber coxae and the ischial tuberosity, and immediately adjacent to the cranial 
process of the ischial tuberosity [19]. Both sides were measured and averaged. The accessory sex 
glands were measured using transrectal ultrasound with a 7.5 MHz linear-array transducer (Ibex 
Evo, EI Medical Imaging, Loveland, CO). Length and width of the prostate, vesicular glands, and 
bulbourethral glands were measured as depicted in Fig 1. Anatomical location and 
ultrasonographic appearance of each gland were validated at the onset of the study by dissection 
and ultrasonography of the reproductive tracts post-mortem in three mature bucks.  
Ultrasonography was also used to measure the length (L), width (W), and depth (D) of the 
testicles (Fig. 1) to estimate testicular volume (TV = 0.5236×L×W×D). Scrotal circumference was 
measured with a flexible tape by pulling it snuggly against the greatest diameter, and testes and 
epididymides were palpated for abnormalities. Testicular shape was classified as long (ratio≤0.5), 
long/moderate (ratio≤0.65), long/ovoid (ratio≤0.75), ovoid/spherical  (ratio≤0.86) and spherical 
(ratio>0.86) when obtaining the ratio from the average width and length of each testes as 
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previously described [20]. The prepuce was inspected for lesions, and the penis was manually 
exteriorized by applying simultaneous gentle pressure at the sigmoid flexure and base of the 
prepuce. The penis remained extended using a folded gauze for semen collection. 
2.3 Semen collection and analysis 
Semen was obtained using an electroejaculator and three-electrode ram probe (31.75 mm 
diameter) under manual pulse stimulation (Pulsator IV Lane Manufacturing, Inc., Denver, 
Colorado, USA). Semen was collected into a 15 mL conical tube submerged in a 37°C water bath 
until processing. An aliquot (~200 L) of the ejaculate was immediately diluted 1:60 in warm 
(37°C) Optixcell extender (IMV Technologies, Maple Grove, Minnesota, USA) and placed into a 
pre-warmed 20 µM chamber slide (Vitrolife, Microcell Counting Chambers, San Diego, CA). 
Computer-Assisted Sperm Analysis (Spermvision II, MiniTube of America, Inc., Verona, WI) was 
used to obtain overall and progressive sperm motilities and sample concentration. The parameter 
settings were adjusted for cervid sperm as recommended by the manufacturer. Data were obtained 
by averaging motility measurements of three to seven readings from various portions of the 
chambered slide. Another aliquot of ejaculate was fixed with warm buffered formalin for sperm 
morphological assessment. One blinded clinician evaluated 100 sperm cells from each sample 
under 100× magnification with a phase contrast microscope, classified each sperm cell as normal 






2.4 Blood collection and hormone assays  
At each time point (September, December, March), blood samples were obtained via jugular 
venipuncture while bucks were under anesthesia. Serum was collected and preserved at -80°C until 
analyses. Serum testosterone, estradiol, and IGF-I concentrations were determined with 
chemiluminescence assays (Immulite 2000 XPi platform; Siemens Medical Solutions USA, Inc.). 
Intra-assay coefficient of variations were 1.5% (testosterone), 3.9% (estradiol), and 3.3% (IGF-I), 
which were within reported manufacturer conventional ranges. The estradiol immunoassay had a 
detection range of 20 to 2000 pg/ mL and sensitivity of 15 pg/mL. The testosterone assay had a 
detection range of 20 to 1600 ng/mL and sensitivity of 15 ng/mL. The last assay detected 
unbounded IGF-I with a detection range of 20 to 1600 ng/mL and sensitivity of 20 ng/mL. 
2.5 Statistical analyses 
Data are presented as percentage mean ± SEM. All statistical analyses were performed using 
R Version 3.2.2 (https://www.r-project.org/). Homogeneity of variances among samples was 
established using a Bartlett test, and normality was confirmed using a Shapiro-Wilk test of the 
residuals. A Kruskal-Wallis test with a Dunn post-hoc test was performed for non-parametric data 
(morphology). Analysis of variance was applied to parametric data using a general linear mixed 
model with buck ID as a random variable, and a Tukey HSD test was performed as needed for 
post-hoc analysis. Repeated measures were also used for motility and testicular/gland 
measurements to assess interactions of cryopreservation (motility) and symmetry (testes/glands) 
in addition to the main effect of month.  Pearson’s correlation coefficient test was used to evaluate 
the association between parameters within time points. Coefficient of correlations were defined as 
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strong (r > 0.70), moderate (0.55 ≤ r ≤ 0.70), and low correlation (r < 0.55).  Significance was 
declared at p ≤ 0.05. 
3. Results 
3.1  Body condition and hormone analyses 
Average BCS was highest in September (p<0.01), intermediate in December, and lowest 
March (p<0.0.1; Table 1). Thoracic circumference measurements were lower in September than 
December (p=0.02), but did not differ between other time points (p≥0.36; Table 1). Measurements 
of rump fat thickness differed between months, being highest in September, intermediate in 
December, and lowest in March (p<0.01; Table 1). Average BCS was strongly correlated (r=0.74, 
p=0.05) with rump fat thickness in September and moderately correlated with thoracic 
circumference (r=0.58, p=0.06) in September and March (r=0.68, p=0.09). There were no 
correlations between rump fat thickness and thoracic circumference at any time point, nor were 
there any correlations between any of these parameters in December (p≥0.10). Serum IGF-I was 
highest in September, intermediate in March, and lowest in December (p<0.01; Table 1). In 
September, serum IGF-I was strongly and negatively correlated with serum testosterone (r=−0.72, 
p=0.03). In December, serum IGF-I was moderately correlated with average BCS (r=0.64, p=0.09) 
and rump fat thickness (r=0.67, p=0.07) and strongly correlated with serum estradiol 
concentrations (r=0.71, p=0.05).  No other correlations were detected.  
All bucks (11/11) were in hard antler by the time of first sample collection in September, and 
most (6/7) had shed their antler buds within 2 weeks of the final sample collection in March (Fig. 
2A and B). Serum estradiol levels were below the assay detection limit in all bucks in September. 
Therefore, data were categorized to allow for statistical analysis (1 = <20 pg/mL; 2 = 20-40 pg/mL; 
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3 = 40-60 pg/mL; 4 = 60-80 pg/mL; 5 = 80-100 pg/mL) and are summarized in Table 2. When 
comparing categories, serum estradiol levels were lowest in September, intermediate in December, 
and highest in March (p≤0.02; Table 2). Mean concentrations in December and March did not 
differ when compared directly (p=0.17; Suppl. Table 1). Serum testosterone levels were below the 
assay detection limit (0.2 ng/mL) in all bucks in March and in two out of 11 bucks in September. 
Thus, testosterone was also categorized to allow for statistical analysis (1 = <20 ng/mL; 2 = 20-40 
ng/mL; 3 = 40-60 ng/mL; 4 = 60-80 ng/mL; 5 = 80-100 ng/mL; 6 = >100ng/mL) and are 
summarized in Table 2. When comparing categories, serum testosterone levels were lowest in 
March, intermediate in September, and highest in December (p≤0.02; Table 2).  Mean 
concentrations calculated in September and December did not differ when compared directly 
(p=0.75; Suppl. Table 1); however, this calculation excluded the 18% that were below detection 
limits in September and should be interpreted cautiously. 
3.2 Testicle and accessory sex gland evaluation 
Palpation of testes and epididymides revealed no abnormalities at any time point. Testicular 
width, volume, and SC were highest in September, intermediate in December, and lowest in March 
(p<0.01; Fig. 3A, C, D). However, testicle length did not differ between September and December 
(p=0.91), but was lower in March (p<0.01; Fig. 3B). Testicular shape was classified as 
long/moderate in September (ratio = 0.58), which differed (p<0.01) from the long shape observed 
in December (ratio = 0.50) and March (ratio = 0.47). The 95% confidence interval for SC was 18.0 
to 20.4 cm in September, 16.2 to 17.8 cm in December, and 13.0 to 14.4 cm in March. Scrotal 
circumference was positively associated with testicular volume in both September (r=0.74; 
p=0.01) and December (r=0.74; p=0.04), but had low correlation in March (r=0.38; p=0.40). 
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Scrotal circumference was also positively associated with sperm output in September (R=0.62; 
p=0.04) but had low correlation in December (r=−0.12; p=0.80) or March (R=0.19; p=0.70). The 
bulbourethral glands were greater in length in March versus September and December (p≤0.05), 
with no differences in width between months (p=0.67; Fig. 4A and B). Both VG length and width 
were highest in December, intermediate in September, and lowest in March (p≤0.02; Fig. 4C and 
D). The prostate length was greatest in September compared to December or March (p≤0.02), with 
no difference in width between months (p=0.17; Fig. 4E and F). Testes and accessory sex glands 
all exhibited appropriate symmetry. 
3.2 Semen quality 
Total sperm volume, concentration, and output did not differ between months (p≥0.08; 
Table 3).  Interestingly, though most samples were subjectively white and cloudy in appearance in 
September and December, 57% (4/7) of the ejaculates obtained in March were pink-tinged (Fig. 
2C and D). Both overall and progressive sperm motilities were lowest in March (p<0.01), but did 
not differ between September and December (p≥0.12; Table 3).  The 95% confidence interval for 
overall motility was 61 to 81% in September, 60 to 100% in December, and 34 to 57% in March. 
The 95% confidence interval for progressive motility was 47 to 70% in September, 53 to 97% in 
December, and 19 to 45% in March. 
The percentage of normal sperm cells was highest in December (p<0.01) with no 
differences between September and March (p=0.39; Table 3). Similarly, there were less primary 
morphologic sperm defects observed in December (p<0.01), with no differences between 
September and March (p=0.47; Table 3). Of the primary defects, there were less proximal droplets 
and strongly folded tail of sperm in December than in March or September (p≤0.01) and more 
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sperm cells with a knobbed acrosome in March versus September or December (p≤0.01). In 
December, there were less sperm cells with secondary morphologic defects than in March 
(p=0.02), but only a tendency for less than in September (p=0.08; Table 3). There were no 
differences in secondary sperm defects between March and September (p=0.22; Table 3). Of the 
secondary morphologic sperm defects, there was a tendency to have less sperm cells with distal 
droplets in December than in March or September (p=0.07). 
4. Discussion 
To our knowledge, this is the first study to characterize reproductive parameters of WTD 
bucks throughout the breeding season. With the increasing demand for stocker bucks in the WTD  
industry [1,2], breeding soundness examinations  may become vital for ensuring a successful 
breeding season. Therefore, we foresee that our findings will be useful to practicing veterinarians 
performing breeding soundness in farm-raised WTD bucks.  
Reproductive examinations typically include physical soundness, with BCS used to assess 
body energy reserves [4]. In an attempt to standardize the BCS, we used a 1 to 5 scale previously 
described for red deer [17] and compared it to rump fat thickness as a more objective indicator of 
fat reserves in body tissues [19]. Both BCS and rump fat thickness were highest in September, 
intermediate in December, and lowest in March, and exhibited a strong correlation in September. 
This is consistent with the behavioral variations throughout rut season (e.g., voluntary feeding 
intake, inter-male aggression, fence-side walking). Thus, BCS assessments taken in the beginning 
of the season reflected the reduced activity and increased voluntary food intake in spring and 
summer, whereas BCS at peak and end of rut reflected the increased buck activities and reduced 
food intake. Thoracic circumference has also been described as an estimator of body weight in 
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WTD [18]. However, the only difference observed in the current study was a decrease in 
September, suggesting limited value in determining physical soundness in WTD bucks. Based on 
these findings, it seems that BCS, but not thoracic circumference, is an appropriate tool for 
assessing nutritional status during a reproductive examination. 
Insulin-like growth factor-I is influenced by both season and nutrition in male red deer 
[15]. Interestingly, serum IGF-I in the current study was highest in September, when both BCS 
and rump fat thickness were also at their highest. Since voluntary hypophagia in WTD is associated 
with rut [14], it is not surprising that blood levels of this metabolic hormone would be at its highest 
in September and the lowest in March, as previously observed [11]. While a positive relationship 
between blood IGF-I and testosterone levels have been reported during the breeding season in 
WTD bucks [11], we reported a strong negative correlation in September and no correlation in 
December. The negative correlation was expected, since IGF-I is strongly and positively 
associated with antler growth in WTD bucks [16]. Treatment with IGF-I has been demonstrated to 
increase proliferation of the mesenchymal and cartilaginous cells derived from the antler 
proliferation zone, whereas high testosterone concentrations impaired these mitogenic effects 
[22,23]. Therefore, it is likely that IGF-I and testosterone work in opposition to stimulate antler 
growth during velvet (IGF-I) and then to promote hardening of the antler during rut (testosterone). 
Controlled studies evaluating the regulation of these hormones during rut are necessary to better 
define these relationships and determine its usefulness in evaluating reproductive potential in 
WTD bucks. 
Evaluation of the reproductive organs is another crucial part of the reproductive 
examination. In bulls, SC is routinely performed as a means to predict sperm output [4,5], yet we 
found a significant variation in SC throughout the breeding season. A previous study reported a 
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SC of 15.3±0.4 cm in WTD bucks collected in February (mean age 2.4±0.3 years) and 14.3±0.6 
cm in bucks collected in January (mean age 1.6±0.1 years) [24]. This is comparable to the 
measurements obtained in March of the previous study. Additionally, the previous study reported 
failure of ejaculation in two of the bucks with SC of 10 and 13.5 cm [24], which suggests that 13.5 
cm is an appropriate minimum SC when evaluating adult bucks late in the breeding season 
(January through March). Another author reported average SC measurements in WTD bucks that 
ranged from 18.04 to 20.25 cm, but when the measurements were obtained is unknown [3]. These 
SC values are similar to those observed in September of the current study, with the lowest 
measurement of 17 cm being a potential appropriate minimum SC for pre-breeding evaluation. 
Though we are somewhat limited by the variability of sperm concentrations that electroejaculation 
may produce, it is tempting to speculate that we may be able to use SC in our pre-breeding exam 
to predict sperm output and breeding efficiency in WTD bucks given the strong, positive 
correlation between SC and sperm output in September. The change in testicular shape from 
long/moderate in September to long in December and March may have influenced the ability to 
predict sperm output during these later times and should be further investigated. 
Per-rectum evaluation of the accessory sex glands are routinely performed in the bull 
breeding soundness exam [4], with ultrasound being indicated for more in depth evaluation [25]. 
Since rectal palpation is not practical due to the small stature of most cervids, ultrasound is 
necessary for evaluating accessory sex glands [12]. In the current study, prostatic length was 
greatest in September, which is consistent with measurements of prostate volumes reported in roe 
deer (Capreolus capreolus) [12] and red deer (Cervus elaphus) [26], but differs from prostatic 
weights in fallow deer (Dama dama) that were highest mid-October [27]. Vesicular gland volume 
in roe deer (Capreolus capreolus) appeared to be highest in September, lowest in December, and 
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intermediate in March [12]. Combined vesicular gland weights were highest in October in both 
red deer (Cervus elaphus)  [26] and fallow deer (Dama dama) [27]. These observations are in 
contrast to WTD bucks in the current study, where both vesicular gland length and width were 
intermediate in September, highest in December, and lowest in March. These differences are likely 
attributable to species-specific variations in reproductive seasonality, with roe deer (Capreolus 
capreolus) typically in rut from mid-July to mid-August [12] and red deer from mid-September to 
the end of October [26], highlighting the need to evaluate each cervid species separately. Another 
possible explanation would be operator variability, which we attempted to minimize by having the 
same individual performing the measurements at each time point. 
The seasonal changes in testicular and accessory sex gland sizes have practical implications 
for semen quality. From February to May, the seminiferous tubules of WTD bucks are in a 
complete resting stage [28]. From June to September, WTD testes enter the primary development 
stage, where mostly spermatogonia and primary spermatocytes are present in the tubules [28]. 
Further development is initiated mid-September, with full spermatic production occurring within 
3 weeks [28]. This timeline explains the higher number of morphologic sperm defects recorded in 
March and September when compared to December, when the process of spermatogenesis is at its 
full potential. There were higher numbers of knobbed acrosomes in March, which are usually 
associated with environmental stressors [29], but may be related to declining testosterone and 
spermatogenesis during this stage. A similar trend was observed in tufted deer (Elaphodus 
cephalophus), where higher numbers of spermatozoa with intact acrosomes were observed from 
September to November [30]. The high numbers of cytoplasmic droplets recorded  in September 
are likely from the testes beginning to enter the primary development stage and are consistent with 
those observed in the early breeding season of wapiti (Cervus elaphus ssp. canadensis) [31]. Based 
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on these findings, we have determined that pre- or post-breeding morphological analyses may have 
minimal predictive value for determining semen quality during peak rut and should be interpreted 
cautiously based on the specific sperm cell defects observed. 
The pink-tinged semen observed in 57% of the bucks in March was another interesting 
observation in the current study. We speculate that this finding is related to the regression of one 
or more of the accessory sex glands that may be driven by reduced serum testosterone [32]. Since 
vesicular glands were smallest in March and are a major contributor to seminal plasma in other 
ruminants [33], it seems likely that there is a change in its function and structure. Seminal plasma 
contains a variety of proteins, lipids, and enzymes that contribute to fertility in a variety of 
mammals [34–37]. Changes in seminal plasma composition based on season has been observed in 
red deer (Cervus elaphus) [38], and may explain why motility in September is better than that of 
March, despite similarities in morphological defects. This finding also highlights the importance 
of performing a thorough morphological analysis of semen quality rather than depending on 
motility alone. 
In conclusion, the present study describes the changes in breeding soundness parameters 
in young, captive WTD bucks throughout the breeding season at 40ºN. Our findings reveal that 
BCS is superior to thoracic circumference measurements for evaluation of physical soundness of 
WTD bucks. Between early and peak rut, average BCS dropped from 3.5 to 3.0 (5-point scale), 
with semen quality improving during this time. Therefore, this finding provides us with an 
optimum BCS to strive for in farmed WTD throughout rut to maintain sperm quality. Additionally, 
our data appears to support other authors’ recommendations that a minimum SC of 17 cm is ideal 
when evaluating WTD bucks early in the breeding season (~September) versus a minimum of 13 
cm for those being assessed late in the season (January through March). Lastly, there are significant 
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changes to testicular and accessory sex gland sizes throughout the breeding season that are 
associated with semen quality alterations. Further studies are warranted to define potential changes 
in seminal plasma constituents and elucidate their role as markers for predicting buck fertility 
throughout the breeding season. 
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Table 1. Summary of metabolic parameters of white-tailed bucks assessed in September, December, and March. Data are presented as 
mean ± SEM. Data points with differing superscripts were significantly different (p≤0.05). 
 
September December March 
Body condition score (scale 1-5) 3.5 ± 0.2a 3.0 ± 0.1b 2.5 ± 0.1c 
Thoracic circumference (cm) 99.8 ± 1.6a 103 ± 1.2b 101 ± 1.3ab 
Estimated body weight (kg) 75 ± 2.4 78 ± 1.8 77 ± 1.9 
Rump fat thickness (mm) 9.4 ± 1.0a 5.7 ± 0.6b 2.4 ± 0.6c 




Table 2. Categorical distribution of serum estradiol and testosterone concentrations in White-tailed deer bucks in September, December, 
and March. Estradiol was lowest in September, intermediate in December, and highest in March (p≤0.01). Testosterone was lowest in 




1 (<20) 2 (20-40) 3 (40-60) 4 (60-80) 5 (80-100) 6 (>100) 
Estradiol 
(pg/mL) 
Septembera 11/11 (100%) 0 0 0 0 0 
Decemberb 0 1/8 (12%) 4/8 (50%) 3/8 (38%) 0 0 
Marchc 0 0 3/7 (43%) 1/7 (14%) 3/7 (43%) 0        
Testosterone 
(ng/mL) 
Septembera 2/11 (18%) 0 2/11 (18%) 2/11 (18%) 1/11 (9%) 4/11 (36%) 
Decemberb 0 0 1/8 (13%) 0 1/8 (13%) 6/8 (75%) 





Suppl. Table 1. Mean concentrations of serum estradiol and testosterone in white-tailed deer bucks in September, December, and March. 
Serum estradiol was below detection limits in all bucks in September; but the calculated mean did not differ between December and 
March (p=0.26).  Serum testosterone was below detection limits in all bucks in March, but the calculated mean did not differ between 
September and December (p=0.80); however, this calculation excluded the 18% that were below detection limits and should be 
interpreted cautiously.  
 
Estradiol (pg/mL) Testosterone (ng/mL) 
September < 20 (100%) 135 ± 30 (82%) 
December 54 ± 5.7 146 ± 24 





Table 3. Comparison of semen variables obtained by electroejaculation in WTD bucks in September, December, and March. Data are 
presented as mean ± SEM. Differences between months are denoted by differing superscripts (p≤0.05).   
 
September December March 
Volume (mL) 0.8 ± 0.1 0.8 ± 0.2 1.0 ± 0.2 
Concentration (x109/mL) 1.2 ± 0.3 4.4 ± 2.3 1.6 ± 0.3 
Output (x109/mL) 0.9 ± 0.2 2.0 ± 0.6 1.5 ± 0.3 
Overall motility (%) 71 ± 4.4a 80 ± 8.0a 45 ± 4.4b 
Progressive motility (%) 58 ± 5.0a 75 ± 8.7a 32 ± 4.9b 
Normal morphology (%) 62 ± 8.2a 89 ± 3.4b 60 ± 7.3a 
Primary defects (%) 29 ± 9.1a 4.6 ± 0.8b 21 ± 5.1a 





Figure 1. Ultrasonography images of the reproductive tract from white-tailed deer bucks 






Figure 2. Physical differences between bucks evaluated in September, December, and March. All 
bucks (11/11) were in hard antler at the time of first collection in September (A), whereas most 
(6/7) had shed their antlers within two weeks of the final collection in March (B). Semen appeared 
cloudy and white in all samples collected in September and December (C); whereas in March, 4/7 






Figure 3. Changes in testicular size (width, length, volume) and scrotal circumference by month 
(September, SEPT; December, DEC; March, MAR). Data are presented as mean ± SEM. All 
testicular measurements displayed appropriate symmetry with differences between months 








Figure 4. Changes in dimensions (width, length) of accessory sex glands by month (September, 
SEPT; December, DEC; March, MAR). Data are presented as mean ± SEM. All glands displayed 
appropriate symmetry with differences between months denoted by differing superscripts 
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Variation in post-thaw sperm quality of white-tailed deer bucks (Odocoileus virginianus) 
during rut 
 
Variation in post-thaw sperm quality of white-tailed deer is a project I contributed to during my 
Ph.D. program, but it was not part of my dissertation work. The following paper is a result of 
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Abstract 
White-tailed deer farming is a growing industry in the United States, with breeding 
operations contributing significantly to the industry’s economic impact. Artificial insemination 
with frozen semen allows for selection and dissemination of valuable genetics, yet surprisingly 
little is known regarding the best time throughout rut to perform semen cryopreservation. The 
objective of this study was to compare semen quality following cryopreservation of white-tailed 
deer bucks collected early in the breeding season (September, n=6), at peak rut (December, n=8), 
and late season (March, n=7). We hypothesized that post-thaw semen quality would be enhanced 
at peak rut. Mature bucks  were anesthetized with tiletamine-zolazepam and xylazine administered 
intramuscularly via projector. Semen was collected by electroejaculation and cryopreserved using 
Optixcell extender. Overall and progressive sperm motility were assessed for each sample before 
and after cryopreservation using a computer-aided sperm analyzer. Flow cytometry was used for 
post-thaw assessment of sperm viability (SYBR-14/PI), acrosome integrity (FITC-PNA/PI), and 
DNA stability (acridine orange). Analysis of variance was applied to normalized data using a 
general linear mixed model with buck ID as a random variable, and a Tukey HSD test was 
performed as needed for post-hoc analysis. Pre-freeze overall and progressive sperm motilities 
were lowest in March, intermediate in September, and highest in December (P≤0.04). Post-thaw 
                                                          
1 Reprinted, with permission, from J. Stewart et al. Variation in post-thaw sperm quality of white-tailed deer bucks 
(Odocoileus virginianus) during rut. Animal Reproduction Science 2018; 195: 121-130. 
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overall and progressive motilities were lowest in September (P≤0.02), but did not differ between 
December and March (P≥0.12). The DNA Fragmentation Index was lowest in December, 
intermediate in September, and highest in March (P≤0.05). The percentage of live spermatozoa 
was higher in December than September (P<0.01), but the percentage of intact acrosomes per live 
sperm cell was highest in September (P=0.03). This study confirms that post-thaw semen quality 
appears to be superior during peak rut (December) in bucks. Though semen collected early or late 
in rut may present acceptable motility, DNA stability is impaired, which could adversely affect 
fertility rates. This data suggests that semen cryopreservation during transitional periods should be 
avoided, though field studies evaluating the translation of these results into success rates of 
artificial insemination are needed to determine the effects on conception.  
Keywords: andrology, cervid, fluorescent probes, semen cryopreservation 
1. Introduction  
White-tailed deer (WTD) farming is an economically important industry that generates 
approximately 56,000 jobs and $7.9 billion annually in the United States (Anderson et al., 2017). 
These numbers have more than doubled throughout the past 10 years, indicating that the industry 
is rapidly growing (Anderson et al., 2007). Due to the increasing popularity of private hunting, the 
need to disseminate genetics to select for desirable traits (e.g., fast growth, well-branched and 
broad antlers) is crucial (Barnes et al., 2016; Flinn et al., 2015; Lukefahr and Jacobson, 1998; 
Wallingford et al., 2017). The sustainability of deer farming relies heavily on the use of artificial 
insemination with frozen semen to disseminate valuable genetics, yet surprisingly little research 
on white-tailed deer semen cryopreservation has been performed. 
While our previous study showed that non-egg yolk semen extenders can be used successfully 
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in WTD (Stewart et al., 2016), the best time to collect and cryopreserve semen remains 
undetermined. Owners may choose to collect bucks for semen cryopreservation either early or late 
in the breeding season to facilitate natural cover of their own does. Early season collections also 
allow for pre-breeding examinations to be performed to ensure that a buck will be reproductively 
sound for the season. Semen quality at the beginning and end of the breeding season in cervids are 
influenced by the effects of increasing and decreasing testosterone production, respectively, on 
spermatogenesis (Haigh et al., 1984; Martínez-Pastor et al., 2005; Robinson et al., 1965).  Higher 
quality semen in red deer (Cervus elaphus), at the peak of rut has also been attributed to increased 
antioxidant production, which protects spermatozoa from oxidative stress (Koziorowska-Gilun et 
al., 2016). Oxidative stress has been associated with increased chromatin damage and loss of 
acrosome integrity in red deer following cryopreservation (Castellanos et al., 2015) and has been 
shown to adversely affect fertility in a variety of species (Evenson et al., 1994; Kenney et al., 1995; 
Varghese et al., 2011). Since WTD experience seasonal reproductive variations similar to red deer, 
it is necessary to determine if there are comparable factors that adversely affect semen 
cryopreservation outcomes.  
Improving sperm cryopreservation techniques in WTD will likely translate into better fertility 
and profitability for farmers selling semen for use in artificial insemination. The objective of this 
study was to compare post-thaw semen quality in WTD bucks collected early in the breeding 
season (September), at peak rut (December), and late breeding season (March) by assessing sperm 
motility, viability, acrosome integrity, and chromatin stability. We hypothesized that post-thaw 





2. Materials and Methods  
2.1 Animal care and use 
All experimental procedures carried out in the present study were reviewed and approved by 
the Institutional Animal Care and Use Committee at the University of Illinois at Urbana-
Champaign (Protocol #16-040). Animals were maintained at a commercial deer farm in east 
central Illinois (40.1117oN, 88.0417oW). 
2.2 Animals and anesthesia 
White-tailed deer bucks included in this study (mean age 2.6 ± 0.3 years old) were all captive 
born and raised. Sample collection took place at three different time points throughout the breeding 
season: (1) early (September n=6); (2) peak (December n=8); and (3) late (March n=7).  Bucks not 
included in all time points either were unable to undergo cryopreservation due to sample handling 
error or were sold or died between collections. Anesthesia and animal handling were performed 
by a team of experienced veterinarians as previously described (Stewart et al., 2016). Bucks were 
anesthetized using a combination of 0.88 mg/kg tiletamine-zolazepam (Telazol®, Zoetis, Florham 
Park, New Jersey, USA) and 2.2 mg/kg xylazine (Cervicine®, ZooPharm, Windsor, Colorado, 
USA) administered intramuscularly via projector. A 2.2 mg/kg dose of ketamine (Ketaset®, 
Zoetis, Florham Park, New Jersey, USA) was given intravenously if needed for additional 
anesthesia. Each buck was transported to a covered room and placed on a table for semen 
collection. Following semen collection, anesthesia was reversed using an intramuscular injection 




2.3 Semen collection, analyses, and cryopreservation 
Once bucks were anesthetized, the penis was manually exteriorized by applying simultaneous 
gentle pressure at the sigmoid flexure and base of the prepuce. The penis was then held extended 
using folded gauze. To obtain semen samples, a 31.75 mm diameter, three-electrode ram probe 
(Lane Manufacturing, Inc., Denver, Colorado, USA) was placed rectally, and a manual cycle was 
run on the electroejaculator unit (Pulsator IV, Lane Manufacturing, Inc., Denver, Colorado, USA). 
This device uses a sine wave pattern with maximum output at 25 Ω resistance of 45 volts and 1 
amp. Stimulation began at the lowest setting and increased in a stepwise manner, where it was 
maintained for 4 to 5 s before returning to zero for 2 to 3 s. Approximately four stimuli were 
applied at each power setting, and no deer required stimulation above the fourth power level to 
achieve ejaculation. Semen was collected directly into a 15 mL conical tube submerged in a 37°C 
water bath until processing. Tubes were switched after each ~0.25 mL of ejaculate was produced 
to prevent urine contamination. 
An aliquot (200 L) of the ejaculate was immediately diluted 1:60 in warm (37°C) Optixcell 
extender (IMV Technologies, Maple Grove, Minnesota, USA) and placed into a pre-warmed 20 
µM chamber slide (Vitrolife, Microcell Counting Chambers, San Diego, CA). Computer-aided 
sperm analysis (SpermVision, MiniTube of America, Inc., Verona, WI) was used to measure 
overall and progressive motilities and sample concentration using a phase-contrast microscope 
with a heated (37ºC) stage (20×; Olympus BX41; Olympus Corporation, Center Valley, PA). Data 
were obtained by averaging motility measurements of a minimum of 500 cells or seven fields  from 
various portions of the chambered slide. Output measurements used to describe sperm motion 
included average path velocity (VAP, µm/s), straight line velocity (VSL, µm/s), curvilinear 
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velocity (VCL, µm/s), straightness of the average path (STR, %), linearity of the curvilinear path 
(LIN, %), wobble (WOB, %), amplitude of lateral head displacement (ALH, µm), and beat cross 
frequency (BCF, number per second) (Amann and Waberski, 2014). ). The parameter settings were 
as follows per manufacturer defaults for cervid sperm: frame capture speed rate, 60 Hz; cell size 
(min/max), 22/60 µm2; threshold straightness, 50%; VAP cutoff, 10 µm/s; and VSL cutoff, 52 
µm/s. 
The remainder of the sample was diluted with pre-warmed (37°C) Optixcell extender at a 1:1 
ratio and transported approximately 30 min to the laboratory in a 37°C water bath, where further 
processing was performed. Based on individual sample concentration, additional extender was 
added in a one-step method to prepare a final concentration of 120 million spermatozoa per mL. 
Immediately following this final dilution, the samples were slowly cooled to 5°C by placing tubes 
in a 37°C water bath and placing the immersed samples in a cold-room at 5°C. Samples were 
loaded into 0.5-mL semen straws, sealed with a glass bead (Minitube USA, Inc., Delavan, WI), 
and incubated at 5°C for 3 to 5 h, per manufacturers’ recommendations. Following incubation, 
straws were frozen manually by placing at 4 cm above the level of liquid nitrogen for 15 min and 
then submerging and storing in liquid nitrogen until further analysis. Post-thaw sperm motility 
parameters were assessed by computer-aided sperm analysis after thawing cryopreserved semen 
straws in a 37°C water bath for a minimum of 30 sec to allow the straw to thaw completely. 
2.4 Fluorescent probes for sperm evaluation   
The flow cytometry assays used in the present study were performed according to protocols 
previously published (Martínez-Pastor et al., 2010, 2004; Robles and Martínez-Pastor, 2013)   and 
routinely used in our group to assess semen of WTD bucks (Stewart et al., 2016) and stallions 
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(Ellerbrock et al., 2017). Fluorescent probes were used for post-thaw evaluation of sperm 
cryopreserved during each time point in 0.5 mL straws using Optixcell extender. Semen straws 
from each buck and timepoint were thawed individually and subjected to each stain as described 
below. The LIVE/DEAD® Sperm Viability Kit (SYBR-14 and propidium iodide (PI) dyes; #L-
7011) was purchased from Molecular Probes, Inc. (Eugene, Oregon, USA). Fluorescein 
isothiocyanate-conjugated pea (Pisum sativum) agglutinin (FITC-PNA; #L-7381) was obtained 
from Sigma Chemical Co. (Saint Louis, Missouri, USA). Acridine orange, C.I. (#04539-500) was 
purchased from Polysciences, Inc. (Warrington, Pennsylvania, USA). Dimethyl sulfoxide, 
anhydrous (DMSO; #D12345), triton X-100 surfact-amps detergent solution (#85111), and 
phosphate-buffered saline (PBS, pH 7.4) (#10010-023) were purchased from Thermo Fischer 
Scientific (Waltham, Massachusetts, USA). All other chemicals used were reagent grade and 
purchased from Sigma Aldrich (St. Louis, Missouri, USA). 
2.5  Assessment of sperm viability   
Sperm viability was assessed using a combination of SYBR-14 and propidium iodide (PI) 
based on the integrity of the sperm plasma membrane (Robles and Martínez-Pastor, 2013). Briefly, 
stock solutions of SYBR-14 (0.02 mM in DMSO) and PI (2.4 mM in water) were prepared and 
frozen in aliquots at −20°C for subsequent use (Robles and Martínez-Pastor, 2013). Staining 
solution was prepared on the day of flow cytometry analysis by combining 5 µL SYBR-14 (0.02 
mM) and 5 µL PI (2.4 mM) per mL of HEPES buffer (10 mM Hepes, 150 mM NaCl, 0.1% BSA, 
pH 7.4). Working concentrations of SYBR-14 and PI were 100 nM and 12 µM, respectively. 
Cryopreserved semen was thawed in a 37°C water bath for 1 min, and 8 µL of thawed semen was 
added to 0.5 mL staining solution to create a final concentration of 2 million spermatozoa per mL. 
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The samples were mixed by reverse pipetting and subsequently incubated in the dark at 37°C for 
10 to 15 min prior to flow cytometric analysis. 
Samples were analyzed using a BD LSR II Flow Cytometry Analyzer (BD Biosciences, San 
Jose, California, USA) at the Roy Carver Biotechnology Center of the University of Illinois 
Urbana-Champaign. The two dyes were excited in the flow cytometer using a 488-nm argon 
excitation laser. Fluorescent data of all events was collected until 10,000 gated events were 
recorded. Two-dimensional plots of SYBR-14 versus PI fluorescence events were drawn, and 
debris was gated out based on those events that emitted minimal red and green fluorescence. As 
previously described (Robles and Martínez-Pastor, 2013), three sperm populations in the SYBR-
14/PI stained sperm preparations were present (Fig. 1A-C). Presumptively live cells made up 
population 1, with only green fluorescent signal (SYBR-14 positive) detected. Population 2 
exhibited a mixed green (SYBR-14 positive) and red (PI positive) fluorescence and were 
considered to be moribund with early or minor membrane damage.  Population 3 comprised cells 
with only red fluorescent signal (PI positive) detected and were considered dead. The percentage 
of cells in each of the three populations was calculated. 
2.6 Assessment of acrosome integrity 
Acrosome integrity was assessed using a combination of FITC-PNA (peanut agglutinin 
conjugated with fluorescein isothiocyanate) and PI as previously described by Robles and 
Martínez-Pastor (2013). Briefly, stock solutions of FITC-PNA (1 mg/mL in PBS) were prepared 
and frozen in aliquots at −20°C for subsequent use (Robles and Martínez-Pastor, 2013). Staining 
solution was prepared by combining 0.625 µL PI (2.4 mM) and 1 µL FITC-PNA (1 mg/mL) per 
mL of PBS. Final concentrations of the stains were 1.5 µM PI and 1 µg/mL FITC-PNA. 
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Cryopreserved semen was thawed in a 37°C water bath for 1 min, and 8 µL of thawed semen was 
added to 0.5 mL staining solution to create a final concentration of 2 million spermatozoa per mL. 
The samples were mixed by reverse pipetting and subsequently incubated in the dark at 37°C for 
10 to 15 min prior to flow cytometric analyses. 
Flow cytometric analyses were carried out as described above with the exception that FITC-
PNA fluorescence was detected at 515–545 nm fluorescence detector 1.  Fluorescent data of all 
events was collected until 10,000 gated events were recorded.  Non-sperm events were gated out 
of analyses as judged on scatter properties. Two-dimensional plots of FITC-PNA versus PI 
fluorescence events were drawn. As previously described (Robles and Martínez-Pastor, 2013), 
four sperm populations in the FITC-PNA/PI stained sperm preparations were present (Fig. 1D-F). 
Population 1 included sperm that were live (PI negative) with an intact acrosome (IA; FITC-PNA 
negative). Population 2 encompassed sperm that were live (PI negative) with a damaged acrosome 
(DA; FITC-PNA positive). Populations 3 and 4 contained sperm that were dead (PI positive) with 
intact (FITC-PNA negative) or damaged (FITC-PNA positive) acrosomes, respectively. These 
populations were divided into quadrants, and the frequency of each population was quantified. 
2.7 Assessment of sperm chromatin stability 
Chromatin stability was assessed by meta-chromatic staining with acridine orange (AO) based 
on the susceptibility of the sperm DNA to acid-induced denaturation in situ (Martínez-Pastor et 
al., 2004). Cryopreserved semen was thawed in a 37°C water bath for 1 min, and 15 µL of thawed 
semen was added to 985 µL PBS to create a final sperm concentration of approximately 2 million 
spermatozoa per mL. Acid-induced denaturation of DNA in situ was attained by adding 0.4 ml of 
an acid-detergent solution (0.17% Triton X-100, 0.15 M sodium chloride, and 0.08 N hydrogen 
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chloride; pH 1.4) to 0.2 mL diluted semen. After 30 sec, the cells were stained by adding 1.2 mL 
of a citric phosphate solution (0.1 M citric acid, 0.2 M sodium phosphate dibasic, 1 mM 
ethylenediaminetetraacetic acid, 0.15 M sodium chloride; pH 6.0) containing 6 µg/ml AO and 
mixed by reverse pipetting. The stained samples were subsequently incubated in the dark at 37°C 
for 3 min prior to flow cytometric analyses. 
Flow cytometry analysis was carried out as above using a 488-nm argon excitation laser. 
Fluorescent data of all events was collected until 10,000 gated events were recorded. Debris was 
discarded electronically and based on low fluorescence values. Two populations were discerned 
(Fig. 1G-I) by drawing a diagonal line between the groups of cells with stable chromatin (intact 
DNA) to the left of the line (medium to high green fluorescence and low red fluorescence) and the 
group of cells with loose chromatin (damaged DNA) to the right of the line (medium to high green 
fluorescence and medium to high red fluorescence). The frequency of each of these populations 
was quantified. DNA fragmentation index (DFI) was calculated as the number of cells with loose 
chromatin divided by the sum of both populations. 
2.8 Statistical analyses 
Data are presented as percentage mean ± SEM. All statistical analyses were performed using 
R Version 3.4.3 (https://www.r-project.org/). Homogeneity of variances among samples was 
established using a Bartlett test, and normality was confirmed using a Shapiro-Wilk test of the 
residuals. Values with non-normal distribution were transformed using a Box-Cox power 
transformation. Analysis of variance was applied to data using a general linear mixed model with 
buck ID as a random variable, and a Tukey HSD test was performed as needed for post-hoc 
analysis. Pearson’s correlation test was used to evaluate the association between flow cytometry 
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parameters and the corresponding post-thaw motility from each sample analyzed. Parameters with 
strong correlation were defined at r ≥ 0.60, moderate correlation at 0.60 < r ≤ 0.40, and low 
correlation at 0.40 < r ≤ 0.20. Significance was declared at P ≤ 0.05 whereas tendency was 
discussed at 0.05 < P < 0.10. 
3. Results 
3.1 Sperm motility 
As reported in our concurrent study, semen volume and sperm concentration did not differ 
between months (Stewart et al., 2017). Pre-freeze overall and progressive sperm motilities were 
lowest in March, intermediate in September, and highest in December (P≤0.04; Fig. 2). Following 
cryopreservation, overall and progressive sperm motilities decreased in September and December 
(P≤0.01), but increased in March (P≤0.04; Fig. 2). Post-thaw overall and progressive motilities 
were lowest in September (P≤0.02), but did not differ between March and December (P≥0.12; Fig. 
2).  
Computer-aided sperm analysis outputs describing the motion of spermatozoa are summarized 
in Table 1. Pre-freeze VAP, VCL, VSL, STR, and BCF did not differ between months (P>0.05). 
However, VSL, STR, and BCF decreased after cryopreservation at all three months (P≤0.04). Post-
thaw VSL and BCF were higher in December than in March (P≤0.02), but post-thaw STR did not 
differ between months (P=0.62). Though VAP and VCL only decreased after cryopreservation in 
September (P≤0.02), at post-thaw they were higher in December than in March (P≤0.05). Pre-
freeze LIN was higher in December than in September (P=0.01), decreased after cryopreservation 
in December and March (P≤0.03), and did not differ between months at post-thaw (P=0.98). Pre-
freeze WOB was highest in December (P≤0.01), decreased after cryopreservation in December 
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(P<0.01), and did not differ between months at post-thaw (P=0.69). Pre-freeze ALH was lower in 
March than in September (P=0.01), increased after cryopreservation in both December and March 
(P<0.01), and did not differ between months at post-thaw (P=0.13). 
Fluorescent probes for sperm evaluation 
The post-thaw DFI was lowest in December, intermediate in September, and highest in March 
(P≤0.05; Table 2). The total percentage of live spermatozoa with intact plasma membrane at post-
thaw was higher in December than September (P=0.03), but did not differ between March and 
December or September (P≥0.15; Table 2). Likewise, the percentage of dead spermatozoa at post-
thaw was lower in December than September (P=0.03), with no differences between March and 
December or September (P=0.30; Table 2). There were no differences observed in the percentage 
of moribund spermatozoa post-thaw between months (P=0.86; Table 2). There were more total 
live spermatozoa with intact acrosomes post-thaw in December than in September (P<0.01; Table 
2). However, the percentage of intact acrosomes per live spermatozoa post-thaw was highest in 
September (P=0.03; Table 2). 
3.2 Correlation between motility and fluorescent probes for sperm evaluation   
Correlation coefficients between overall and progressive motility (%) and flow cytometric 
assessments are summarized in Table 3. Post-thaw overall and progressive sperm motility 
exhibited strong, positive correlation with sperm viability and strong, negative correlation with 
percentage of dead sperm (P<0.01). The percentage of live sperm with intact acrosomes also had 
strong, positive correlation with both overall and progressive sperm motility (P<0.01).  
Furthermore, overall motility tended to exhibit low, negative correlation with DFI (P=0.09), 




The present study appears to be the first to describe seasonal variations in post-thaw semen 
quality of young WTD bucks at 40°N. While a previous study evaluated different extenders in 
WTD for freezing semen at both late season (February, March) and peak rut (October, December), 
they did not specifically evaluate differences between the collection times (Clemente-Sánchez et 
al., 2015). White-tailed deer are exclusively short-day breeders, with bucks entering rut around 
September (Woolf and Harder, 1979). Recent studies have thoroughly described the seasonal 
variations in reproductive characteristics of WTD does (Green et al., 2017) and bucks (Stewart et 
al., 2017) throughout rut. One limitation of the current study was that we were unable to perform 
fluorescent probe assays on the semen prior to freezing, so it is unclear whether the results are due 
to decreased freezing ability or from poor quality initially. Our concurrent study demonstrated that 
early (September) or late (March) in the breeding season, bucks have increased percentages of 
primary sperm defects, suggesting the latter (Stewart et al., 2017). The present report expands upon 
that data by confirming the translation into poor semen quality following cryopreservation. Though 
our study contained predominantly young bucks, it was reported previously that age had no effect 
on epididymal sperm quality and freezing ability within 5 hr postmortem in WTD bucks (Ake-
Lopez et al., 2010). 
The minimal effective breeding dose for the various artificial insemination methods with 
frozen-thawed semen has not been defined for WTD. One study in Mississippi reported pregnancy 
rates of 65 to 100% when performing intravaginal insemination with semen doses ranging from 
12 to 60 million progressively motile sperm per straw (Jacobson et al., 1989). Another study 
achieved an overall conception rate of 67% using frozen-thawed semen vials containing at least 
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100 million live normal cells with 60% or higher motility deposited intracervically (Magyar et al., 
1989). In red deer, intrauterine insemination with breeding doses of 25 to 38 million motile sperm 
yielded pregnancy rates of 22-49% (Fennessy et al., 1990). Another study involving both red and 
fallow deer (Dama dama) reported higher conception rates (60 to 70%) using intrauterine doses of 
10 to 40 million motile spermatozoa (Asher et al., 1993). Furthermore, doses of only 7.5 to 10 
million motile sperm per uterine horn yielded a 45% pregnancy rate in Eld’s deer (Cervus eldi 
thamin; Monfort et al., 1993) and a 50% pregnancy rate in sika deer (Cervus nippon; Willard et 
al., 1996). Anecdotally, one of the authors (CFS) uses breeding doses as low as 2 to 4 million 
motile sperm and has obtained satisfactory pregnancy rates (>70%) with the use of laparoscopic 
insemination in WTD. Using this criterion, semen processed in the current study contained 15 
(September), 39 (December), and 29 (March) million progressively motile sperm per straw at post-
thaw, which are similar to values reported previously in WTD (Stewart et al., 2016; Williams et 
al., 2004) and could potentially result in satisfactory pregnancy rates with proper breeding 
management and experienced inseminators.  
Cryopreservation of semen seemed to affect sperm motility most prominantly in September. 
The decline in VAP, VCL, and VSL in September likely attributed to the lower post-thaw overall 
and progressive motilities observed at this month. Interestingly, while pre-freeze motility was 
lowest in March, it increased following cryopreservation and did not differ from December at post-
thaw. Despite similar post-thaw motilities in December and March, several sperm motion 
parameters (VAP, VCL, VSL, BCF) were higher in December than March at post-thaw, which 
may indicate subtle differences. The unexpected motility improvement in March could be related 
to changes in seminal plasma constituents that were alleviated by the extender composition. Pink-
tinged ejaculates were produced in 57% of the bucks collected in March, suggestive of blood 
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contamination and associated with changes in accessory sex gland size (Stewart et al., 2017). 
Seasonal variation in accessory sex gland size has also been reported in other cervid species such 
as roe deer (Capreolus capreolus; Goeritz et al., 2003), red deer (Lincoln, 1971), and fallow deer 
(Chapman and Chapman, 1979). In addition to these physical changes, the seminal plasma of red 
deer experienced increased antioxidant content at the peak of rut, which may aid sperm freezability 
(Koziorowska-Gilun et al., 2016). In rams, motility was improved after incubating freeze-thawed 
sperm with seminal plasma harvested in autumn and winter, but not spring or summer, 
demonstrating seasonal variability in their composition  (Domínguez et al., 2008). 
While the improved motility in March makes a promising argument for freezing semen late in 
the breeding season, we also observed significantly worse sperm DNA stability in frozen-thawed 
samples from the March collection (16%). A previous study from our group reported a DFI of 6% 
in WTD semen collected and froze in Optixcell extender in January, which is higher than those 
reported in both September (2.5%) and December (1.2%) of the current study. This finding 
suggests that post-thaw DFI may start to increase with increasing daylength in WTD. Conversely, 
there was significantly less variation in DFI values of red deer in the non-breeding season versus  
pre-rut, rut, or post-rut (Garcia-Macias et al., 2006). While there are no guidelines for using DFI 
to determine fertility in cervids, studies have defined subfertility at DFI >30% for humans 
(Evenson et al., 2002), though lower values have been reported in small ruminants (López-
Fernández et al., 2008). The changes observed in the current study between peak rut and late 
breeding season seem to provide evidence that fertility may be compromised when using semen 
frozen during this period, despite appropriate motility. The finding that post-thaw progressive 
motility is moderately correlated with DFI is consistent with a previous report (Stewart et al., 2016) 
and suggests that it may be a useful predictor of DNA stability in WTD. Additionally, the high 
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number of primary sperm defects previously reported in September and March in WTD may be 
noncompensable and could also adversely affect fertility outcomes (Stewart et al., 2017). 
However, it remains unknown if these alterations in semen quality result in poor conception rates 
after artificial insemination or if direct deposition of the semen into the uterus via laparoscopic 
insemination may compensate for reduced semen quality.  
In December, there was a higher number of live sperm than in September or March. Given the 
higher viability in December, it is not surprising that a higher percentage of live spermatozoa with 
intact acrosomes in the entire sample (live + dead spermatozoa) was also observed. Similar to 
previous reports, motility was strongly correlated with viability (Stewart et al., 2016). However, 
when evaluating acrosome integrity in the live sperm population only, there was a higher 
percentage of intact acrosomes in September versus December or March. Surprisingly, acrosome 
integrity alone exhibited a weak correlation with motility, suggesting that acrosome status may be 
independently influenced by other seminal plasma factors. Similarly, tufted deer (Elaphodus 
cephalophus) semen had a higher percentage of intact acrosomes in autumn (September to 
November) when compared to winter (December to February) (Panyaboriban et al., 2016).  In 
contrast, epididymal sperm in red deer exhibited higher viability and acrosomal integrity in the 
post-rut period compared to rut (Martínez-Pastor et al., 2005). However, it is crucial to note that 
epididymal sperm are not exposed to seminal plasma secretions, which may contribute to seasonal 
variations observed. Additionally, the samples in the current study were only evaluated after 
thawing, so it is unclear if differences in acrosome integrity were due to poor initial quality or 
reduced freezing ability.  
Further studies are necessary to determine if there are interventions that can improve sperm 
quality early and late in the breeding season. In red deer, supplementing freezing extenders with 
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enzymatic antioxidants (i.e., catalase and superoxide dismutase) before cryopreservation improved 
post-thaw sperm motility, viability, acrosome integrity, and mitochondrial status, but had no effect 
on DNA stability (Fernandez-Santos et al., 2006). Nutritional strategies should also be considered, 
as it was found that under-fed rams experienced more DNA damage than well-fed rams (Guan et 
al., 2014). Nutritional supplementation with specific compounds that can act as antioxidants should 
be evaluated as a means to improve semen quality during transitional periods. Vitamin E 
supplementation has been shown to protect testicular cell membrane and mitochondria and 
improve semen quality in rams (Yue et al., 2010). Another report found that sorting WTD sperm 
via flow cytometry decreased the baseline amount of frozen-thawed sperm containing fragmented 
DNA and increased DNA longevity (Kjelland et al., 2011). Even more interesting was the 
discovery that frozen-thawed sex-sorted semen experienced even less DNA fragmentation over 
time than conventional-sorted semen in WTD (Kjelland et al., 2011). Though the use of 
conventional sorting to select superior sperm may be cost-prohibitive, the use of sex-sorted semen 
is becoming a useful option for WTD farmers (Sugai et al., 2017). Studies evaluating the usefulness 
and feasibility of these technologies for improving post-thaw semen quality during seasonal 
transitional periods are therefore needed. 
 In conclusion, this study demonstrates that there are variations in post-thaw semen quality 
between early breeding season (September), peak rut (December), and late breeding season 
(March) in WTD bucks. Motility was highest in December before freezing. However, motility 
appeared to improve in March, with no difference in post-thaw overall or progressive motilities 
between December and March collections. Despite this finding, DNA stability was superior in 
December, suggesting that fertility may be enhanced when using frozen semen collected during 
peak rut versus transitional periods (September or March). Acrosomal integrity in the live sperm 
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population was highest in September. One limitation of this study was the small number of bucks 
available; therefore, a field trial using artificial insemination with a larger number of ejaculates 
across several farms may help to validate these results.  Future studies need to evaluate the different 
components of seminal plasma further and determine if they can be supplemented to extenders at 
cryopreservation to enhance freezability in WTD sperm throughout the rutting season.  
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Table 1. Computer-aided sperm analysis outputs describing the motion of sperm samples collected and cryopreserved from WTD in 
September, December, and March. Data are presented as mean ± SEM. Differing superscripts denote differences between months, 
whereas asterisks denote differences between pre-freeze and post-thaw (P≤0.05). 
 
 
VAP VCL VSL STR LIN WOB ALH BCF 
September Pre-Freeze 76±12 153±26 56±9.5 72±4.4 37±3.9a 50±2.2b 5.2 ± 0.5a 29 ± 3.4  
Post-Thaw 58±5.2*ab 114±13*ab 36±2.8*b 62±1.4* 32±1.7 51±1.6 5.0 ± 0.2 21 ± 1.4*ab 
          
December Pre-Freeze 70±5.1 128±12 56±4.3 80±0.2 44±1.0b 55±1.2a 4.5 ± 0.2ab 29 ± 0.8  
Post-Thaw 70±2.5a 141±4.9a 46±3.9*a 66±2.8* 33±1.3* 50±0.7* 5.5 ± 0.3* 25 ± 1.1*a 
          
March  Pre-Freeze 60±5.5 119±14 45±3.6 76±1.9 39±2.3ab 51±1.7b 4.3 ± 0.3b 27 ± 1.2  
Post-Thaw 56±4.0b 112±9.1b 37±2.0*b 66±1.7* 33±1.3* 50±0.9 5.3 ± 0.3* 21 ± 0.6*b 
Abbreviations: VAP = average path velocity; µm/s VCL = curvilinear velocity, µm/s; VSL = straight line velocity, µm/s; STR = 
straightness of the average path, %; LIN = linearity of the curvilinear path, %; WOB = Wobble, %; ALH = amplitude of lateral head 
displacement, µm; BCF= beat-cross frequency, number per second. Data expressed as mean ± SEM.  
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Table 2. Summary of fluorescent probe analyses for WTD semen cryopreserved in September, December, and March. Data are 
presented as mean ± SEM. Differing superscripts denote differences between months (P≤0.05). 
 Post-Thaw Fluorescent Probe Analyses 
 Live (%) Dead (%) Moribund (%) DFI (%) Total live sperm with IA (%) IA/ live sperm (%) 
September  59 ± 8.7a 39 ± 8.5a 2.6 ± 0.6 2.5 ± 0.8a 40 ± 5.5a 96 ± 1.3a 
December 75 ± 6.6b 23 ± 6.7b 2.9 ± 1.1 1.2 ± 0.3b 62 ± 7.5b 91 ± 2.4b 
March 71 ± 4.4a,b 27 ± 4.4a,b 1.8 ± 0.2 16 ± 5.9c 52 ± 5.9a,b 91 ± 1.3b 
p-value 0.03 0.03 0.86 0.05 <0.01 0.03 






Table 3. Correlation coefficients between overall and progressive motility (%) and flow cytometric assessments. 
 
% Live % Dead % Moribund %Live sperm with IA % IA/ live sperm DFI% 
Overall motility 0.60*** -0.61*** -0.03 0.74*** -0.16 -0.39* 
Progressive motility 0.66*** -0.66*** 0.01 0.80*** -0.10 -0.50** 
DFI: DNA Fragmentation Index; IA: intact acrosome. 
*Data with low correlation (P<0.10). 
**Data with moderate correlation (P≤0.05). 




Figure 1. Representative flow cytometry dot plots for the sperm viability assay (A-C), acrosomal 
integrity assay (D-F), and chromatin stability assay (G-I) for a buck collected in September (A, 
D, G), December (B, E, H), and March (C, F, I).  




Figure 2. Bar graph showing percent (A) overall and (B) progressive sperm motility immediately 
before and after semen cryopreservation in September, December, and March. Differing 
superscripts denote differences between months, whereas asterisks denote differences between 
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